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(57) Abstract 

A microchip loboratory system (10) and method 
provide fluidic manipulations for a variety of applica- 
tions, including sample injection for microchip chemi- 
cal separations. The microchip is fabricated using stan- 
dard photolithographic procedures and chemical wet 46 
etching, with the substrate and cover plate joined us- 
ing direct bonding. Capillary electrophoresis and elec- 
trochromatography are performed in channels (26, 28, 
30, 32, 34, 36. 38) formed in the substrate. Analytes 
arc loaded into a four-way intersection of chaimels by 
electrokinedcally pumping the analyte through the in- 
tersection (40), followed by a switching of the poten- 
tials to force an analyte plug into the separation channel 
(34). 
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Description 



APPARATUS AND METHOD FOR PERFORMING MICROPXUIDIC 
MANIPULATIONS FOR CHEMICAL ANALYSIS AND SYNTHESIS 

This invention was made with Government support under contract 
DE-AC05-84OR21400 awarded by the U.S. Department of Energy to Martin Marietta 
Energy Systems, Inc. and the Government has certain rights in this invention. 



10 gictd of the invention 

The present invention relates generally to miniature instrumentation for 
chemical analysis, chemical sensing and synthesis and, more specifi«iUy. to electrically 
controlled manipulations of fluids in micromachincd channels. These manipulations can 
be used in a variety of applications, including the electrically controlled manipulation of 

15 fluid for capillary electrophoresis, liquid chromatography, flow injection analysis, and 
chemical reaction and synthesis. 



20 



ftiirlrp Tniind of the invention 

Laboratory analysis is a cumbersome process. Acquisition of chemical 
and biochemical information requires expensive equipment, spedaliied Ubs and highly 
vained personnel. For thU reason. laboratory testing is done in only a fraction of 
drcumstances when: acquisition of chemical inforaiation would be usefiil. A large 
proportion of testing in both research aitd clinical situations is done with crude manual 
methods that are characterized by high labor costs, high reagem consumption, long 
25 turnaround times. relath«: impredsion and poor reprodadbilit>-. Th^ practice of 
techniques such as electrophoresis that arc in widespread use in biology and medical 
laboratories have not changed significanUy in thirty years. 

Operations that are performed in typical laboratory processes mcludc 
specimen preparation. chemicalA,iochemical com^ersions, sample fractionation, signal 
detection and data processing. To accomplish ti^ese tasks, liquids are often measured 
and dispensed with volumetric accuracy, mbced together, and subjected to one or several 
different physical or chemical environments that accomplish conversion or fractionation, 
in researd, diagnostic, or development situations, these operations are earned out on a 
macroscopic scale using fluid volumes in the range of a few micrcUcers to several ter. 
at a time. Individual operations are performed in scries, often using different spec.aUzed 
equipment and instruments for separate steps m the orocess. CorrpUcations. difficulty 
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and expense are often the result of operadons involving multiple laboratory processing 
steps. 

Many workers have attempted to solve these problems by creating 
integrated laboratory systems. Conventional robotic devices have been adapted to 

5 perform pipetting, specimen handling, solution mbdng, as weU as some fractionation and 
detection operations. However, these devices arc highly compHcaied, very expensive 
and their operation requires so much training that their use has been restricted to a 
relatively smaU number of research and development programs. More successful have 
been automated clinical diagnostic systems for rapidly and inescpenavely performing a 

10 small number of appUcations such as clinical chemistry tests for blood levcls.of glucose, 
electrolytes and gases. Unfortunately due to their coraplexiiy. large s:ze and great cost, 
such equipment, is Umitcd in its appUcaUon to a sraaU number of diagnostic 
circumstances. 

The desirabUity of exploiting the advantages of integrated systems in a 
15 broader context of laboratory appUcations has led to proposals that such systems be 
miniaturized. In the 1980's, considerable research and development efifort was put into 
an exploration of the concept of biosensors with the hope they might fill the need. Such 
devices make use of selective chemical systems or biomolecules that are coupled to new 
methods of detection such as electrochemistry and optics to transduce chemical signals 
20 to electrical ones that can be interpreted by computers and other signal processing units. 
Unfortunately, biosensors have been a commercial disappointment. Fewer than 20 
commercialized products were available in 1993, accounting for revciucs in the U.S. of 
less than SlOO million. Most observers agree that this feilure is prinarily technological 
rather than reAecting a misinterpretation of market potential In feet, many situations 
25 such as massive screening for new drugs, highly parallel genetic research and testing, 
micro-chemistry to minimize cosUy reageiii consumption and waste generation, and 
bedside or doctor's office diagnostics would greatly benefit from miniature integrated 

laboratory systems. 

In the early 1990's, people began to discuss the possibility of creating 

30 miniature versions of conventional technology. Andreas Manz was one of tiic first to 
articulate the idea in tiie scientific press. Calling them "miniaturized total analysis 
systems," or "n-TAS," he predicted tiiat it would be possible to integrate into single 
ututs microscopic versions of the various dements necessary to process chemical or 
biochemical samples, thereby achieving automated experimentation. Smcc that time, 

35 miniature components have appeared, particulariy molecular separation methods and 
microvalvcs. However, attempts to combine these systems into completely mtegrated 
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10 



systems have not met with success. This is primarily because pr^« manipularion of 
Z fluid vohimes m extremely narrow channels has proven to be a difbcuh technological 

hurdle. -vt 

One prominent field susceptible to miniatunzalion is capillary 

dectrophoresis. Capillary dectrophoresU has become a popular technique for separatmg 
charged molecular species in solution. The technique is performed in smafl capillary 
tubes to reduce band broadening effects due to thermal convection and hence unpr ve 
resolving power. The small tubes imply thai minute volumes of matenals, on the order 
of nanoUtcrs, must be handled to inject the sample into the separation capfllary tube. 

Current techniques for injection include electromigratlon and siphoning of 
sample from a container into a continuous sepanUion tube. Both of these techniques 
suffer fix,m relatively poor reproducibiUty, and electromigration addiuonally suffers from 
dectrophoretic mobflity-based bias. For both sampling techniques the input «.d of the 
analysis capillary tube must be transferred firom a buffer reservoir to a reservoir holdmg 
IS the sample. Thus, a mechanical manipulation is involved. For the siphoning injection, 
the sample reservoir is raised above the buffer reservoir holding the exit end of the 

capillary for a fixed length of time. , 

An electromigration injection is effected by applying an appropriately 
polarized electrical potential across the capilla.y tube for a given duration whde the 
20 entrance end of the capiDaiy is ui the sample reservoir. This can lead to samphng bias 
because a disproportionately larger quantity of the species with hig-Mer dectrophoretic 
mobnities migrate into the tube. The capillary is removed fiom the sample reservoir and 
replaced into the entrance buffer reservoir aBer the injection duration for both 
techniques. ^ ^^^^^^^ apparatuses which lead to 

improved dectrophoretic resolution and improved injection stabiUty. 



25 
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■«;timmarv of th f Invention 

^iT^sent invention provides microchip laboratory systems and 
methods that allow complex biochemical and chemical procedures io be conducted on a 
microchip under electronic control. The microchip laboratonr systems compr^^ a 
material handling apparams that trar^orts materials through a system 
r^gratcd chamiels on a microchip. The movement of the materials is precisely directed 
by^trolling the electric fields produced m the integrated channds. The p^nt^l 
of the movement of such materials enables precise mixing, separa.on, and reacuon as 
needed to implement a desired biochemical or chemical procedure. 
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The microchip laboratory system of the present inventioa analyzes and/or 
synthesizes chemical materials in a precise and reproducible manner. The system 
includes a body having integrated channels connecting a plurality of rciervoirs that store 
the chemical materials used in the chemical analysis or synthesis performed by the 

5 system. In one aspect, at least five of the reservoirs simultaneously have a controUcd 
electrical potential, such that material from at least one of the rescr%'oirs is transported 
through the channels toward at least one of the other reservoirs. The transportation of 
the material through the channels provides exposure to one or more selected chemical or 
physical environments, thereby resulting in the synthesis or analysis of the chemical 

10 material. 

The microchip laboratory system preferably also includes one or more 
intersections of integrated channels connecting three or more of ths reservoirs. The 
laboratory system controls the electric fields produced in the channels in a manner that 
controls which materials in the reservoirs are transported through the intersection(s). In 
15 one embodiment, the microchip laboratory system acts as a mixer or dihiier that 
combines materials in the intersection(s) by producing an electrical potential in the 
intersection that is less than the electrical potential at each of the two reservoirs firom 
which the materials to be mixed originate. Alternatively, the laboratory system can act 
as a dispenser that eleclrokinetically iiijcas precise, controlled amounts of material 

20 through the interscction(s). 

By simultaneously applying an electrical potential at each of at least five 
reservoirs, the microchip laboratory system can act as a complete system for perforaiing 
an entire chemical analysis or synthesis. The five or more reservoirs cm be configured m 
a manner that enables the elcctrokinetic separation of a sample to be analyzed ("the 

25 analyte") which is then mixed with a reagent firom a reagent reservoir. Altcniatively, a 
chemical reaction of an analyte and a solvent can be performed first, and then the 
material resultmg from the reaction can be elcctroldncticaUy separated. As such, the use 
of five or.more reservoirs provides an integrated laboratory system that can perform 
virtually any chemical analysis or synthesis. 

30 In yet another aspect of the invention, the microchij) laboratory system 

includes a double intersection formed by chamiels imerconnccting at least six reservoirs. 
The first intersection can be used to inject a precisely sized analyte plug into a separation 
channel toward a waste reservoir. The electrical potential at the second intersection can 
be selected in a manner tliat provides additional control over the size of the analyte plug. 
35 In addition, the elcarical potentials can be controlled in a manner that transports 
materials from the fifth and sixth reservoirs through the second inlrrsection toward the 
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first intersection and toward the fourth reservoir after a selected voIut:ac of material from 
the first intersection is transported through the second intersection toward the fourth 
reservoir. Such control can be used to push the analytc plug further down the separation 
channel whUc enabling a second analytc plug to be injected through the first intersection. 

5 In another aspect, the microchip laboratory system acts as a microchip 

flow control system to control the flow of material through an intersection forroed by 
integrated channels connecting at least fi)ur reservoirs. The micnachip flow control 
system simultaneously applies a controUed electiical potential to at least three of the 
reservoirs such that the volume of material transported fitjm the first reservoir to a 

10 second reservoir through the intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the intersection. Preferably, the 
material moved through the third reservoir to selectively control the material transported 
from the first reservoir is directed toward the same second reservoir as the material firom 
the first reservoir. As such, the microchip flow control system acts as a valve or a gate 

15 that selectively controls the volume of material transported through the intersection. 
The microchip flow control system can also be configured to act as a dispenser that 
prevents the first material from moving through the intersection toward the second 
reservoir after a selected volume of the first material has passed through the intersection. 
AltemaUvely, the microchip flow control system can be configured to act as a dihiter 

20 that mixes the first and second materials in the intersection in a manner that 
simultaneously transports the first and second materials from the intersection toward the 
second reservoir. 

Other objects, advantages and salient features of the invention wiU 
become apparent from the following detailed description, which taken in conjunction 
25 with the annexed drawings, discloses preferred ewibodimems of the ir.vcnrion. 

B^t ^f DMcription of the Drawin gs 

Figure 1 is a schemaUc view of a preferted embodhnent of the present 

invention; 

Figure 2 is an enlarged, vertical sectional view of a diannel shown; 
Figure 3 is a schematic, top view of a microchip according to a second 
preferted embodiment of the present invention; 

Figure 4 is an enlarged view of the intersection region of Figure 3; 
Figure 5 are CCD images of a plug of analyte moving through the 
3 5 intersection of the Figure 30 embodiment; 
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Figure 6 is a schematic top view of a microchip laboiaiory system 
according to a third preferred embodiment of a microchip according to the present 

invendon; . ^ . j • ti« 

Figure 7 is a CCD image of "sample loading mode for ihodamme B 

5 (shaded area); ^ ^ • i.- 

Figure 8(a) is a schematic view of the intersection area of the microchtp 

of Figure 6, prior to analyte injection; 

Figure 8(b) is a CCD fluorescence image taken of the same area depwted 

in Figure 8(a), after sample loading in the pinched mode; 
10 Figure 8(c) is a photomicrograph taken of the same area depicted m 

Figure 8(a), after sample loading in the floating mode; 

Figure 9 shows integrated fluorescence signals for injected vohme 

plotted versus time for pinched and floating injections; 

Figure 10 is a schematic, top view of a microchip according to a fourth 

15 preferred embodiment of the present mvention; 

Figure 1 1 is an enlarged view of the intersection region of Figure 10; 
Figure 12 is a schematic top view of a microchip laboratory system 
according to a fifth preferred embodiment according to the present mx-enticn; 

Figure 13(a) is a schematic view of a CCD camera view of the 
20 intersection area ofthe microchip laboratory system of Figure 12; 

Figure 13(b) is a CCD fluorescence image taken of the same area 
depicted in Figure 13(a), after sample loading in the pinched mode; 

Figures 13(c)-13(e) are CCD fluorescence images taken ofthe same area 
depicted in Figure 13(a). sequentiaUy showing a plug of analyte moving away ftom ^e 
25 channel intersection at 1, 2. and 3 seconds, respectively, after switching to the run mode; 

Figure 14 shows two injection profiles for didansyUysinc injected for 2s 

withy equal to 0.97 and 9.7; 

Figure 15 are electropherograms taken at (a) 3.3 cm. (b) 9.9 cm, and 
(c) 16.5 cm from the point of injection for rhodamine B Cess retained) and 
30 suiforhodamine (more retained); 

Figure 16 is a plot of the efficiency data g-aicrated from the 
electropherograms of Figure IS. showing variation of the plate number with., channd 
length for rhodamine B (square with plus) and suiforhodamine (square with plus) and 
suiforhodamine (square with dot) with best finear fit (soUd lines) for eadi analyte; 
35 Figure 17(a) is an electropherogram of rhodamine B and fluorescan with 

a separation field strength of 1.5 kV/cm and a separation length of 0.9 mm; 
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Figure 17(b) is an clcctropherogram of rhodaminc B and fluorescein with 
a separation fidd strength of 1.5 kV/cm and a separation length of 1.6 mm; 

Figure 17(c) is an dectropherogram of rhodamine B and fluorescein with 
a separation field strength of l.S kV/cm and a separation length of 1 1 . 1 mm; 
S Figure 18 is a graph showing variation of the number of plates per unit 

time as a fimction of the electric field strength for rhodaminc B at separation lenglhs of 
1.6 mm (circle) and 11.1 mm (square) and for fluorescein at separ2lion lengths of 1.6 
mm (diamond) and 1 1.1 mm (triangle); 

Figure 19 shows a chromatogram of coumarins analyzed by 
1 0 electrochromatography using the system of Figure 12; 

Figure 20 shows a chromatogram of coumarins resJting fi-om micellar 
dectrokinetic capillary chromatography using the system of Figure 12; 

Figures 21(a) and 21(b) show the separation of three metal ions using the 
system of Figure 12; 

15 Figure 22 is a schematic, top plan view of a microchip according to the 

Figure 3 embodiment, additionally including a reagent reservoir and reaction channel; 

Figure 23 is a schematic view of the embodiment of Figure 20, showing 
applied voltages; 

Figure 24 shows two electropherograms produced using the Figure 22 

20 embodiment; 

Figure 25 is a schematic view of a microchip laboralory system according 
to a sbcth preferred embodiment of the present invention; 

Figure 26 shows the reproducibility of the amount injected for arginine 
and glycine using the system of Figure 25; 
25 Figure 27 shows the overiay of three dectrophorctic separations using 

the system of Figure 25; 

Figure 28 shows a plot of amounts injected versus reaction time using the 

system of Figure 25; 

Figure 29 shows an dectropherogram of restriction fragments produced 

30 using the system of Figure 25; 

Figure 30 is a schematic view of a microchip laboratory system according 
to a seventh preferred embodiment of the present invention. 

Figure 31 is a schematic view of the apparatus of Figure 21, showing 
sequential applications of voltages to eScct desired fluidic manipulations; and 
35 Figure 32 is a graph showing the different voltages applied to eflFcct the 

fluidic manipulations of Figure 23. 
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Detailed Description of the Invention 

Integrated, micro-laboratory systems for analyzing or synthesizing 
chemicals require a precise way of manipulating fluids and fluid-bonie malcrial and 
subjecting the fluids to selected chemical or physical enviroomcnta that produce desired 
conversions or partitioning. Given the concentration of analytes that produces chemical 
conversion in reasonable time scales, the nature of molecular detection, diffiision times 
and manufacturing methods for creating devices on a microscopic scale, miniature 
integrated micro-laboratory systems lend themselves to channels ha-/ing dimensions on 
the order of 1 to 100 micrometers in diameW. Within this contact, dectrokinetic 
pumping has proven to be versatUe and effective in transporting materials m 

micro&bricated laboratory systems. 

The present invention provides the tools necessary to make use of 
electrokinetic pumping not only in separations, but also to pei&rm liquid handling that 
IS accomplishes other important sample processing steps, such as chendcal conversions or 
sample partitioning. By simultaneously conirolfing voltage at a plurahty of ports 
comiccted by chamtels in a microchip stmcture, it is possWe to measure and dispense 
fluids with great precision, mfac reagents, incubate reaction components, direa the 
components towards sites of physical or biochemical partition, and subject the 
components to detector systems. By combining these capabilities on a single microchip, 
one is able to create complete, miniature, integrated automated laboratory systems for 

analyzing or synthesizing chcnucals. 

Such integrated micro-taboratory systems can be made up of several 
component dements. Component dements can indude Uquid disperse systems, liquid 
25 mixing systems, molecular partition systems, detector sights, etc. For example, as 
described herdn. one can construct a rdativdy complete system for the identification of 
restriction endomxdease sites in a DNA molecule. This single microfabncated device 
thus mcludes in a single system the fiinctions that are traditionally performed by a 
tcchnidan employing pipettors, incubators, gd dectrophoresis systems, and data 
30 acquisition systems. In this system, DNA is mixed with an enzyme, the mixture is 
incubated, and a sdected volume of the reaction mixture is dispensed into a separanon 
channd Electrophoresis is conducted concurrent with fluorescent labehng of the DNA. 

Shown in Figure I is an example of a microchip laboratory system 10 
configured to implement an entire chemical analysis or synthesis. The laboratory system 
35 10 indudes s« reservoirs 12, H. 16, 18, 20, and 22 connected to each other by a system 
f chamids 24 micromachined into a substrate or base member (not shown m Fig. 1), as 
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discussed in more detail below. Each reservoir 12-22 is in fluid coinmunication with a 
corresponding channel 26, 28, 30, 32, 34, 36, and 38 of the channel system 24. The first 
channel 26 leading from the first reservoir 12 b connected to tiie second channel 28 
leading torn the second reservoir 14 at a first intersection 38. Likewise, the third 
5 channel 30 from the third reservoir 16 is connected to the fourth channel 32 at a second 
intersection 40. The first intersection 38 is connected to the second intersection 40 by a 
reaction chamber or channel .42. The fifth channel 34 torn the fifth reservoir 20 is also 
connected to the second intersection 40 such that the second intersection 40 is a four* 
way intersection of channels 30, 32, 34, and 42. The fifth channd 34 also intersects the 

10 sixth channel 36 firom the sixth reservoir 22 at a third interseaion 44 

The materials stored in the reservoirs preferably are transported 
cicctrokinetically through the channel system 24 in order to implement the desired 
analysis or synthesis. To provide such electrokinetic transport, the laboratory system 10 
includes a voltage conU-oUcr 46 capable of applying selectable voluige levels, including 

IS ground. Such a voltage controller can be implemented using multiple voltage dividers 
and multiple relays to obtain the selectable voltage levels. The voltage controller is 
connected to an electrode positioned in each of the six reservoirs 12-22 by voltage lines 
V1*V6 in order to apply the desired vokagcs to the matericil^i in the reservoirs. 
Preferably, the voltage controller also includes sensor channels SI, S2, and S3 connected 

20 to the first, second, and third intersections 38, 40, 44, respectively, in order to sense the 
voltages present at those intersections. 

The use of electrokinetic transport on microminiaturized planar liquid 
phase separation devices, described above, is a viable approach for sample manipulation 
and as a pumping mechanism for liquid chromatography. The present invention also 

25 entsdls the use of electroosmotic flow to mbc various fluids in a controlled and 
reprodudble fiishion. When an appropriate fluid is placed in a tube made of a 
correspondingly appropriate material fiinctional groups at the surface of the tube can 
ionize. In the case of tubing materials that are terminated in hydrcxyl groups, protons 
win leave the surface and enter an aqueous solvent. Under such conditions the surfece 

30 Mwll have a net negative charge and the solvent will have an excess of poative charges, 
mostly in the charged double layer at the sur&cc. With the application of an electric 
field across the tube, the excess cations in solution will be attracte^J to the cathode, or 
negative electrode. The movement of these positive charges through the tube will drag 
the solvent with them. The steady state velocity is given by equation 1, 

35 v = --'— (I) 

4 TtTl 
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v,here v is the solvent velocity, e is the dielectric constant of the fh..d, ^ .s the zcta 
potential of the surftcc, E is the electric fidd strength, and i. is the solvit visco.^ 
From equation I it is obvious thai the flwd flow velocity or flow rate can be controUed 
through the electric fidd strength. Thus, electroosmosis can be used as a programmable 

pumping mechanism. 

The hbootoy micrechip syaem 10 jtown in Figure 1 couU be used for 
perfbnmng numerous type, of l*o«W -alyss or synthesis, such as DNA sequenang 
or analysis. decrnHfaomUography. nueellar dectrokinetic capillary chromatography 
(MECQ inotsanic ion dialysis, and gradient elation liquid chronutography, as 
discussed in more detail below. The fifth channel 34 typicaUy is used for electrophoret,c 
or electrochromatographic separaions »>d thus may be referred to m ce«a.n 
embodimems as . sep.r«ion cham«l or eotomo. The re«:flc„ chaml:er 42 can be used 
u, mix »nr ««. chemicds stored in the first and second reservoirs 12. 14. for «™,pl=. 
; DNA 6om the first reservoir 12 could be mixed vrith an enzyme &om the second 
reservoir 14 in the first mteneaion 3» and the mixture could be incub.ied in the reacnon 
chamber 42. The ineubaed miaur. could then be transported through .he second 
intersection 40 into the separation column 34 for separation. The sixth reservon 22 can 
be used to store a Buores«m label that is mixed to the third inten.=cdon 44 vnth the 
0 „a.erialssep,ratedinthesep«ationcolu.M.34. An appropriate detector (D) could then 
be employed to analyze the labeled materials between the third intersecbon 44 and rt« 
fifth reservoir 20. By providing for a pre-separation coh,mn rcactwn m the fct 
intersection 38 and ,««tion chamber 42 and a post-separ^tion cchimn reactu>n m the 
third intasecdon 44. the labor,.o,y system 10 can be used .o impteent many stamlard 
25 laboratory techniques nonndly implemented ma».aUy in a convem„,nall^omto,y^ In 

addition. Ae elemems of the laboratoty system 10 could be u.«i to budd a mo,* 
complex system to solve more complex labomtoc^ procedures. 

The laboratoo' microchip system 10 includes a subsmue or base mcn*er 
(not sho««. in Kg. 1) wKch can be an approximately two inch by oae mch pece of 
30 rltpe slide fcoLg. In. *2947, While glass is a preferred material, 

lerials may be used, such as fiised silica, cystalSne quarts fUsed quar,^ pUs.cs. and 
T^C^ th sut^e is treated sufficiently to alter its resisUvity). Pre^^iy. a^- 
InducL material such as glass or ft.sed quartz is used to allow « a,,.ely^g elo«™ 
Mds to be appUed », eleetroldneucally transport materials through c^ls - Jbe 
35 mt-chip. Se^iconduct^g materials such as silicon could also be used, but the de«n 
Z appOed would nonnally need to be Icept ,o a minimum (approx..ately less th«> 300 
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volts per centimeter using present techniques of providing insulating layers), which may 
provide insuflicient eiectrokinetic movement. 

The channel pattern 24 is fonncd in a planar surface of the substrate using 
standard photolithographic procedures followed by chemical wet ctiJiing. The channel 
5 pattern may be transferred onto the substrate with a positive photortisist (Shipley 1811) 
and an e-beam written chrome mask (Institute of Advanced Manufacturing Sciences, 
Inc.). The pattern may be chemically etched uang HF/NHJF solution 

After forming the channel pattern, a cover plate may then be bonded to 
the substrate using a direct bonding technique whcrdjy the substrate and the cover plate 
10 surfaces are first hydrolyzed in a dilute NH^OH/HiOj solution and then joined. The 
assembly is then annealed at about 500° C in order to insure proper adhesion of the 
cover plate to the substrate. 

Following bonding of the cover plate, the reservoirs are affuccd to the 
substrate, with portions of the cover plate sandwiched thcreberween, uang epoxy or 
15 other suitable means. The reservoirs can be cylindrical with open opposite axial ends. 
Typically, electrical contact is made by placing a platinum wire electrode in each 
) reservoirs. The electrodes are connected to a voltage controUer 46 which applies a 

desired potential to select electrodes, in a manner described in more detail bdow. 

A cross section of the first channel is shown in Figure 2 and is identical to 
20 the cross section of each of the other integrated channels. When using a non-crystalline 
material (such as glass) for the substrate, and when the channels are chemically wet 
etched, an isotropic etch occurs, U., the glass etches uniformly in all directions, and the 
resulting channel geometry is trapezoidal. The trapezoidal croiy. section is due to 
"undercutting" by the chemical etching process at the edge of the photoresist In one 
25 embodiment, the channel cross section of the illustrated embodiment has dimensions of 
5.2 nm in depth, 57 jim in width at the top and 45 jun in widtli at the bottom. In 
another embodiment, the channel has a depth "d" of 10^m, an ui>per width "wl" of 
90}im, and a lower width "w2" of 70pm. 

An important aspect of the present invention is the controlled 
30 eiectrokinetic transponation of materials through the channel system 24. Such 
controlled eiectrokinetic transport can be used to dispense a selected amount of material 
from one of the reservoirs through one or more intersections of the channel structure 24. 
Alternatively, as noted above, selected amounts of materiabs from two reservoirs can be 
' ^ transported to an intersection where the materials can be mixed in desired 

35 concentrations. 
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Gated Dispenser 

Shown in Figure 3 is a laboratory component lOA that can be used to 
implement a preferred method of transporting materials through a channel stnicturc 24A. 
The A foUowing each number in Figure 3 indicaua that it corresponds to an analogous 

5 clement of Figure 1 of the same number without the A. For simplicity, the electrodes 
and the connections to the voltage controller that controls the transport of materials 
through the diannel system 24A are not shown in Figure 3. 

The microctop laboratory system lOA shown in Figure 3 controls the 
amount of material from the first reservoir 12A transported through the intersection 40A 

10 toward the fourth reservoir 20A by elcctrokinetically opening and closing access to the 
imersection 40A from the first channel 26A. As such, the laboratory- microchip system 
lOA essentially implements a controlled clectrokinetic valve. Sucli an electroldneiic 
valve can be used as a dispenser to dispense selected volumes of a sin ^Ic material or as a 
mixer to tnix selected vohimes of plural materials in the intersection 40A. In general, 

15 electro-osmosis is used to transport "fluid materials" and electrophoresis is used to 
transport ions without transporting the fluid material surrounding the ions. Accordingly, 
as used herein, the term "materiaT' is used broadly to cover any form of material, 

including fluids and ions. 

The laboratory system lOA provides a continuous un: directional flow of 
20 fluid through the separation channel 34A. This injection or dispensmg scheme only 
requires that the voltage be changed or removed from one (or two) reservoirs and allows 
the fourth rescnroir 20A to remain at ground potential. This will allow ihjection and 
separation to be performed with a single polarity power supply. 

An enlarged view of the intersection 40A is shown in Figure 4. The 
25 directional arrows indicate the time sequence of the flow profiles at the intersection 40A. 
The soKd arrows show the initial flow pattern. Voltages at the va-ious reservoirs are 
adjusted to obtain the described flow patterns. The initial flow pattern brings a second 
material from the second reservoir 16A at a sufficient rate such ihat all of the first 
material transported from reservoir 12A to tiie imersecrion 40A is pushed toward the 
30 third reservoir 18A. In general, the potential distribution wHl be such that the highest 
potential is in the second reservoir 16A, a sDghtiy lower potential in the first 
reservoir 12A. and yet a lower potential in the third reservoir 1?A with the fourth 
reservoir 20A being grounded. Under Uiese conditions, the flow towards the fourth 
reservoir 20A is solely the second material from the second reservoir 16A. 
35 To dispense material from the first reservoir 12A through the intersection 

40A, the potential at the second reservoir 16A can be switched to a value less than the 
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potential of the first reservoir 12A or the potentials at reservoirs 16A and/or 18 A, can be 
floated momentarily to provide the flow shown by the short dashed arrows in Figure 4. 
Under these conditions, the primary flow will be from the first reservoir 12A down 
towards the separation channel waste reservoir 20A. The flow friim the second and 
5 third reservoirs 16A, 18A will be small and could be in either direction. This condition is 
held long enough to transport a desired amount of material from the first reservoir 12A 
through the intersection 40A and into the separation channel 34A. After sufficient time 
for the desired material to pass through the intersection 40A, the voltage distribution is 
switched back to the original values to prevent additional material from the first reservoir 

10 12A from flowing through the intersection 40A tov^rard the separation channel 34A. 

One application of such a "gated dispenser" is to inject a controlled, 
variable-sized plug of analyte from the first reservoir 12A for electrophorctic or 
chromatographic separation in the separation channel 34A. In such a system, the first 
resexvoir 12 A stores analyte. the second reservoir 16A stores an ionic buffer, the third 

15 reservoir ISA is a first waste reservoir and the fourth rcscivoir 20A is a second waste 
reservoir. To inject a small variable plug of analyte fi^m the first rcscrvofr 12A, the 
potentials at the buflfer and first waste reservoirs 16A, 18A are simply floated for a short 
period of time (» 100 ms) to allow the analyte to migrate down the separation column 
34 A. To break off the injection plug, the potentials at the buffer rcs^oir 16A and the 

20 first waste reservoir 1 8A are reapplied. Alternatively, the valving sequence could be 
effected by bringing reservoirs 16A and 18A to the potential of the inicrsecdon 40 A and 
then returning them to their original potentials. A shonfall of this method is that the 
composition of the injected plug has an electrophoretic mobility bias wherd3y the &ster 
migrating compounds are introduced preferentially into the separation column 34A over 

25 slower migratuxg compounds. 

In Figure 5. a sequential view of a plug of analyte aioving through the 
intersection of the Figure 3 embodiment can be seen by CCD images The analyte being 
pumped through the laboratory system lOA was rhodamine B (shaded area), and the 
orientation of the CCD images of the injection cross or intersectior is the same as in 

30 Figure 3. The first image, (A)« shows the analyte being pumped through the injection 
cross or intersection toward the first waste reservoir 18A prior to ihe injection. The 
second image, (B), shows the analyte plug being injected into the separation column 
34A- The third image, (C), depicts the analyte plug moving away from the injection 
intersection after an injection plug has been completely introduced into the separation 

35 column 34A. The potentials at the buffer and first waste reservoirs 16A, 18A were 
floated for 100 ms while the sample moved into the separation column 34A By the time 
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of the (C) image, the closed gate mode has resumed to stop fiirthcr analyte from moving 
through the intersection 40A into the separation column 34A, and a clean injection plug 
with a length of 142 \im has been introduced into tlie separation column. As discussed 
below, the gated injector contributes to only a minor fraction of tlie total plate height. 
S The injection plug length (volume) is a fimction of the time of the injection and the 
electric field strength in the column. The shape of the injected plug is skewed slightly 
because of the directionality of the cleaving bufier flow. However, fc^r a ^ven injection 
period, the reproducibility of the amount injected, determined by integrating the peak 
area, is 1% RSD for a series of 10 replicate injections. 

10 Electrophoresis e^eriments were conducted using the microchip 

laboratory system lOA of Figure 3, and employed methodology according to the present 
invention. Chip dynamics were analyzed using analyte fluorescence. A charge coupled 
device (CCD) camera was used to monitor designated areas of the chip and a 
photomulliplier tube (PMT) tracked single point events. The CCD (Princeton 

IS Instruments, Inc. TE/CCD-S12TKM) camera was mounted on a stereo microscope 
(Nikon SMZ-U), and the laboratory system IDA was illuminated using an argon ion laser 
(S14.S nm. Coherent Innova 90) operating at 3 W with the beam expanded to a circular 
spot « 2 cm in diameter. The PMT, with collection optics, was situated below the 
microchip with the optical axis perpendicular to the microchip surface. The laser was 

20 operated at approximately 20 mW, and the beam impinged upon the microchip at a 45" 
angle from the microchip surface and parallel to the separation channel. The laser beam 
and PMT observation axis were separated by a 135' angle. The point deteaion scheme 
employed a helium-neon laser (543 nm, PMS Electro-optics LITGP-0051) with an 
electrometer (Keithley 617) to monitor response of the PMT (Oriel 77340). The voltage 

25 controller 46 (Spellman CZE lOOOR) for elearophoresis was operated between 0 and 
+4.4 kV relative to ground. 

The type of gated injector described with respect to Figures 3 and 4 show 
electrophoretic mobility based bias as do conventional electroosmotic injections. 
Nonetheless, this approach has simplicity in voltage switching requirements and 

30 fiibrication and provides continuous unidireaional flow through the separation channel. 
In addition, the gated injector provides a method for valving a variable voiume of fluid 
into the separation channel 34A In a manner that is precisely controlled by the electrical 
potentials applied. 

Another application of the gated dispenser IDA is to dilute or mix desired 
35 quanthies of materials in a controlled manner. To implement such a mixing scheme in 
order to mix the materials from the first and second reservoirs 12A, 16 A, the potential 
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in fint ™l «ond chameb 26A, 30A .«i be mainuianl higher tan ^ 
p««id of U» i««cction 40A during fixing. Such p=tcr.d<as vrill «u« <hc nu.«ds 
Ln, d» &« ««i rescrvoin 12A «d 16A to inmluncously move through .te 

immection «A «d th«b, n« the two n^cri^. The potendaU apphed « the 
,«d ««o.«i reservoirs HA. I6A can be adjua^i as desir«i to achieve tite selected 
concentnaion of e«:h materiM. After dispensing the dedmi «noun-s of each ma.««L 
^ potetUial « the second reservoir 16A .nay be Increased In a ° 
p,e«=t fimher .Mterial ftom the first r««rvoir 12A ftom being transponed through the 
intersection 40A toward the tWrd reservoir 30A 

) 

Shown in Figure 6 is a microchip analyte injector lOB «:cord,nB to the 
present invention. The channd pattern 24B has four distinct chan™-Js26B. mm 
and 34B nncrotnachincd into a substrate 49 as discussed above Each ch«md has » 
5 ^xontpanybtg reservoir n«,unted above the tcnninus of each chan„el poruon. a.^ dl 
Z cLI intersea « one end in a fcur way intersection 40B. The oppostte «^ 
each section provide tcnnim ^ e«end jus. beyond the ^''^^^I'^Z 
49 mounted on the substrate 49. The anrfyte injector lOB shown m Figure « B 
IZtialiy identical to the gated dispenser lOA e«ep. that «» " 
,0 applied in a manner that injects a volume of material fi^n reserves 16/. throu^^ 
ZL&on 40B rather than from tite reser^r 12B «>d the votame of matenal mjected 
is controlled by the size of.the intersection. 

. controlled by^^ ^«men. shown in Fieare 6 can be used for vanous ma«nal 
mampulations In one application. U,. I,bora««y systemisusedtoin.«=.«.«»lytefrom 
23 ^^e-ervoir Jtbroughthe^n4»«brs^^^^^ 

channeI34B. The analyte ejector .03 can be operated m«ti«r '"■^ ^"^'^ 
mode Reservoir I6B is suppHed with an analyte »xl resen«Hr l^B w«h buffi, 
^ir 1,B acts as an analyte waste reservoir, and reservoir 20B acts as a waste 

In the "load" mode, at leas, two types of «»l>t. introduction arc 

• ion ifiB suid20B with reservoir 18B grounded m 

35 — AS used 
order to control the injection plug shape as oiscu-s 
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herein, simultaneously controlling electrical potentials at plural reservoirs means that the 
dcctr dca are connected to a operating power source at tlie same chemically significant 
time period. Floating a reservoir means (fisconnecting the electrode in the reservoir from 
the power source and thus the electrical potential at the reservoir is not controlled. 
S In the ""run" mode, a potential is applied to the buSci reservoir 12B with 

reservoir 20B grounded and with reservoirs 16B and 18B at apprc.ximately half of the 
potential of reservoir 12B. During the run mode, the relatively high potential applied to 
the buffer reservoir 12B causes the analyte in the intersection 40B to move toward the 
waste reservoir 20B in the separation column 34B. 

10 Diagnostic experiments were performed using rhodamlne B and 

sulforhodamine 101 (Exciton Chemical Co., Inc.) as the analyte at 60 |iM for the CCD 
images and 6 ^iM for the point detection. A sodium tetraborate buflbr (50 mM, pH 9.2) 
was the mobile phase in the experiments. An injection of spatiaUy well defmed small 
volume ( 100 pL) and of small longitudinal extent ( 100 fim), injection is beneficial 

IS when performing these types of analyses. 

The analyte is loaded into the injection cross as a frontal 
elcctropherogram, and once the front of the slowest anaiyie component passes through 
the injection cross or intersection 40B, the analyte is ready to be analyzed. In Figure 7, a 
CCD image (the area of which is denoted by the broken line square) displays the flow 

20 pattern of the analyte 54 (shaded area) and the buffer (white area) ilut)ugh the region of 
the injection intersection 40B. 

By pinching the flow of the analyte, the volume of the analyte plug is 
stable over time. The slight asymmetry of llie plug shape is due to the diiBfcrcnt electric 
field strengths in the buffer channel 26B (470 V/cm) and the sepr-xation channel 34B 

25 (100 V/cm) when 1.0 kV is applied to the buffer, the analyte and tlie waste reservoirs, 
and the analyte waste reservoir is grounded. However, the different field strengths do 
not influence tlie stability of the analyte plug injected. Ideally, when the analyte plug is 
injected into the separation channel 34B, only the anal>te in the injection cross or 
intersection 40B would migrate into the separation channel. 

30 The volume of the injection plug in the injection crc)ss is approximately 

120 pL with a plug length of 130 jim. A portion of the analyte 54 ir. the analyte channel 
30B and the analyte waste channel 32B is drawn into the scpaiation channel 34B. 
Following the switch to the separation (run) mode, the volume of the injection plug is 
approximately 250 pL with a plug length of 208 ^rni. These dimensions are estimated 

35 from a scries of CCD images taken immediately after the switch is made to the 
separation mode. 
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The two modes of loading were tested for the anahr.e introduction into 
the separation channel 34B. The analyte was placed in the analyte K^ovoir 16B, and in 
both injection schemes was "transported" in the direction of resei-wir 18B. a waste 
reservoir. CCD images of the two types of injections are depicted in Figures 8(a)-8(c). 
5 Figure 8(a) schematically shows the intersection 40B, as well as the end portions of 
channels. 

The CCD image of Figure 8(b) is of loading in the pinched mode, just 
prior to being switched to the run mode. In the pinched mode, ana'.yte (shown as white 
against the dark background) is pumped electrophoretically and eleciroosmotically from 
10 reservoir 16B to reservoir 18B (left to right) with buffer from the buffer reservoir 12B 
(top) and the waste reservoir 20B (bottom) traveling toward reservcir 18B (right). The 
voltages applied to reservoirs 12B. 16B. 183, and 20B were 90%. 90%. 0. and 100%, 
respectively, of the power supply output which con-espond to dcclric field strengths m 
the corresponding channels of 400, 270, 690 and 20 V/cm. respectively. Although the 
15 voltage applied to the waste reservoir 20B is higher than voluge ar plied to the analyte 
reservoir 18B, the additional length of the separation channel 343 compared to the 
analyte channel 30B provides additional electrical resistance, and thus the flow from the 
analyte bufer 16B into the intersection predominates. Consequently, the analyte in the 
injection cross or intersection 40B has a trapezoidal shape and is spatially constricted in 
20 the channel 32B by this material transport pattern. 

Figure 8(c) shows a floating mode loading. The analyte is pumped from 
reservoir 16B to 18B as in the pinched injection except no pot2ntial is applied to 
reservoirs 12B and 20B. By not controlUng the flow of mobflc phas« (buffer) in channel 
portions 26B and 34B, the analyte is free to expand into thes.2 channels thnjugh 
25 convective and (tiflBisive flow, thereby resulting in an extended injection plug. 

When comparing the pinched and floating injections, the pinched injection 
is superior in three areas: temporal stability of the injected vohime. the precision of the 
irgected volume, and plug length. When two or more analytes ^vith vastly different 
mobilities are to be analyzed, an injection with temporal stabUity insures that equal 
30 volumes of the faster and slower moving analytes are mtroduccd into the separation 
column or channel 34B. The high reprodudbiUty of the injection volume facilitates the 
ability to perform quantitative analysis. A smaller plug length leads to a higher 
separation efficiency and, consequenUy. to a greater component capacity for a given 
instrument and to higher speed separations. 
35 To detennine the temporal stabUity of each mode, a scries of CCD 

fluorescence images were coUcrtcd at 1.5 second intervals starting just prior to the 
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analytc reaching the injection intersection 40B. An estiroaie of the amount of analyte 
that IS injected was determined by integrating the fluorescence in the intersection 40B 
and channels 26B and 34B. This fluorescence is plotted veisus time in Figure 9. 

For the pinched injection, the injected volume stabil:-/<s in a few seconds 
5 and has a stabiUty of 1% relative standard deviation (RSD). which is comparable to the 
stability of the illuminating laser. For the floating injection, the amount of analyte to be 
injected into the separation channel 34B increases with time because of the dispersive 
flow of analyte into channels 26B and 34B. For a 30 second injection, the volume of the 
injection plug is ca. 90 pL and stable for the pinched injection veisus ca. 300 pL and 
10 continuously increasing with time for a floating injection. 

By monitoring Uie separation channel at a point 0.9 cm from the 
intersection 40B, the reprodudbility for the pinched injection irode was tested by 
integrating the area of the band profile foUowing introduction into the separation channel 
34B. For six injections witii a duration of 40 seconds, tiie reproducibility for the pinched 
15 injection is 0.7% RSD. Most of tiiis measured instabiUty js fiom the optical 
measurement system The pinched mjection has a higher reproducibility because of the 
temporal stabUity of the volume injected. With electronically controlled voltage 
switching, the RSD is expected to improve for botii schemes. 

The injection plug widtii and, ultimately, the resolution between analytes 
20 depends largely on both the flow pattern of the analyte and the dimensions of the 
injection cross or intersection 40B. For this column, tiie width of the channel at tiie top 
is 90 \im, but a channel width of 10 ^m is feasible which would lead to a decrease in the 
volume of the injection plug from 90 pL down to 1 pL with a pinched injection. 

There are situations where it may not be desirable to reverse die flow in 
25 the separation channel as described above for the "pinclicd" and "floating" injection 
schemes. Examples of such cases might be the injection of a new sample plug before the 
preceding plug has been completely eluted or the use of a post-column reactor where 
reagent is continuously being injected into the end of die separation cohimn. In the laUer 
case, it would in general not be desirable to have the reagent flowing back up into the 
30 separation channel 

Alternate Analyte Injec tor 

Figure 10 illustrates an alternate analyte injector system IOC having six 
different ports or channels 26C, 30C, 32C. 34C. 56, and 58 respectively connected to six 
35 different reservoirs 12C, 16C. 18C, 20C, 60. and 62. The ielier C after each element 
number indicates that the indicated element is analogous to a correaiiondingly numbered 
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dements of Figure 1. The microchip laboratory system IOC is siriilar to laboratory 
systems 10, lOA, and lOB described previously, in that an injection aoss or intersection 
40C is provided. In the Figure 10 en^diment, a second intersection 64 and two 
additional reservoirs 60 and 62 are also provided to overcome the problems with 
5 reversing the flow in the separation channel 

Like the previous embodiments., the analyte injector system IOC can be 
used to implement an analyte separation by electrophoresis or chromatography or 
dispense material into some other processing element. In the laboratory system IOC, the 
reservoir 12C contains separating buffer, reservoir 16C contains the analyte, and 

10 reservoirs 18C and 20C are waste reservoirs. Intersection 40C prcfc ably is operated in 
the pinched mode as in the embodiment shown in Figure 6. The lower intersection 64, in 
fluid communication with reservoirs 60 and 62, are used to provide additional flow so 
that a continuous buffer stream can be directed down towards the ^aste reservoir 20C 
and, when needed, upwards toward the injection intersection 40C. Reservoir 60 and 

15 attached channel 56 are not necessary, although they improve performance by reducing 
band broadening as a plug passes the lower intersection 64. In many cases, the flow 
from reservoir 60 will be symmetric with that from reservoir 62. 

Figure 1 1 is an enlarged view of the two intersections 40C and 64. The 
different types of arrows show the flow directions at given instances in time fbr injection 

20 of a plug of analyte into the separation channel. The solid arrows show the initial flow 
pattern where the analyte is clectrokinetically pumped into the uppir intersection 40C 
and "pinched" by material flow from reservoirs 12C, 60, and 62 toward this same 
intersection. Flow away from the injection intersection 40C is curied to the analyte 
waste reservoir 18C. The analyte is also flowing from the reservoir 16C to the analyte 

25 waste reservoir 18C. Under these conditions, flow from reservoir 60 (and reservoir 62) 
is also going down the separation channel 340 to the waste reservoir 20C. Such a flow 
pattern is created by simultaneously controlling the electrical potentials at all six 
reservoirs. 

A plug of the analyte is injected through the inject.on intersection 40C 
30 into the separation channel 34C by switching to the flow profile shown by the short 
dashed arrows. Buffer flows down from reservoir 12C to the injeciion intersection 40C 
and towards reservoirs 160, 18C, and 20C. This flow profile also pushes the analyte 
plug toward waste reservoir 200 into the separation channel 34C as described before. 
This flow profile is held for a suflBcient length of time so as to move the analyte plug past 
35 the lower intersection 64. The flow of buffer from reservoirs 60 and 62 should be low as 
indicated by the short arrow and into the separation channel 34C to minimize distortion. 
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The distance between Ae upper and tower 

toing in .he Etching between the two Bow con<te.o„s. Heetrodcs 1^ ^ 
decmea. potenUal „.y be placed « 4. .=«r ime.»e.«« - ':ir^ 
5 .nd 58 .0 .srist in .djmting the dectrieal potentiab to propa flow control 

""""^ Aft. the ^ple phrg p«es the lower i«««c.ion. .be po.««i.ls »e 
switched back ,0 the iniU.1 condition, to give the original Sow profflc a. shown w,Atf« 

,0 Z d^Hed ..rows This flow pattern win allow buffer flow into .^e ^^ ^^ 
J while the next analyte plug is b«ng transported «. the ptag J " 1^ 

upper int^section 40C. This injection scheme will allow . rapul »cc«s« o .n ««o» 
to be nude and n,., be very important to samples that ^ 
a long time to achieve a homogeneous s«nple at the upper m«rse«u.n 40C « v«h 

n J2led polymer sohuions. ThU impler^ntadon of the pmchxd mjccnon also 
:r,^;sir«do„.. flow through the separation ch^mei -a mig^^ 
post-column reaction as discussed bdow with .espect to Figure 22. 

s„t«n lOD shown in Frgure 11 The laboratory s,st«n lOD shown m r,gu« 
i^tZ idotical to the laboraory system lOB show, b, Hgure 6. e«cpt that *c 
i::rdn^34Dfo»ows.scrp«,U«>«.^ The serpendne path of the ^pa^on 

^-.«o..be^.-^^^^^^^ 

preferred embod,m».. he ««1^ ^ , ,^5 to rescrvo. 1.D is 19 mm. while the 
49iy) of the ch«».eU extendtng from ,7, „,„, The mm radius of 

30 len«h of chamid portion 26D is 6.4 mm and chamiel " " "™ „ , 

30 ienginoicMni».y „k-^™ves as a separation column, is 0.1 6 mm. 

an analyte, is flrst Led ^0 .be ^i^" ".^^t ^L^^^^^ 
^ describe, above Afler ,he f '"^^ '«"_^^^J^tcd from the loading 

35 fl««to'«P'>''«'«»'^'«'°"'V'^r*l"r r!^^ illustrate a 

,0 the run (separation) mode of openiuon. Figures U. ) 



wo 96/04547 



21 



PCTAJS95/09492 



separation of rhodamine B (less retained) and sulforhodamiQe (more r tained) using the 
foDowing conditions: E^g = 400 V/cm, = 150 V/cm, buffi:r = 50 mM sodium 
tetraborate at pH 9.2. The CCD images demonstrate the separation process at 1 second 
intervals, with Figure 13(a) showing a schematic of the section of the chip imaged, and 
5 with Figures 13(b)-13(e) showing the separation unfold. 

Figure 13(b) again shows the pinched injection with the appOed voltages 
at reservoirs 12D, 16D. and 20D equal and reservoir 18D groundi^d. Figures 13(c)- 
13(e) shows the plug moving away from the intersection at 1. 2, and 3 seconds, 
respectively, after switching to the mn mode. In Figure 13(cX t^lC injection plug is 

10 migrating around a 90^ turn, and band distortion is visible due to the inner portion of the 
plug traveling less distance than the outer portion. By Figure 13(d i, the analytes have 
separated into distinct bands, which are distorted in the shape of a parallelogram. In 
Figure 13(e), the bands are well separated and have attained a more rectangular shape, 
/.e., collapsing of the parallelogram, due to radial difiusion, an additional contribution to 

15 efficiency loss. 

When the switch is made from the load mode to the run mode, a clean 
break of the injection plug from the analyte stream is desired to avoid tailing. This is 
achieved by pumping the mobile phase or buffer from channel 26D into channels 30D. 
32D, and 34D simultaneously by maintaining the potential at the intersection 40D below 

20 the potential of reservoir 1 2D and above the potentials of reservoirs 16D, 18D, and 20D. 

In the representative experiments described herein, liie intersection 40D 
was maintained at 66% of the potential of reservoir 12D during tlie run mode. This 
provided suflScicnt flow of the analyte back away from the injeaion intersection 40D 
down channels 30D and 32D without decreasing the field strength in the separation 

25 channel 34D significandy. Alternate channel designs would allow a greater fraction of 
the potential applied at reservoir 12D to be dropped across the separation channel 34D, 
thereby improving efficiency. 

This three way flow is demonstrated in Figures 13(c)-13(e) as the 
analytes in channels SOD and 32D (left and right, respectively) mov2 further away from 

30 the intersection with time. Three way flow permits wcIWriined, reproducible injections 
with minimal bleed of the analyte into the separation channel 34D. 

Detectors 

In most applications envisaged for these integrated microsystems for 
35 chemical analysis or synthesis it will be necessary to quantify the material present in a 
channel at one or more positions similar to conventional laboratory measurement 
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processes. Techniques typically utilized for quantification include, but are not lirnitcd to, 
optical absorbance. refractive index changes, fluorescence emission, chemihimincscence, 
various forms of Raman spectroscopy, electrical conductometric mcasurcmcala, 
dectrochemical amperiometric measurements, acoustic wave propagaaon measurements. 
5 Optical absorbence measurements are commonly employed with 

conventional laboratory analysis systems because of the generality of the phenomenon in 
the UV portion of the electromagnetic spectrum. Optical absorbence is commonly 
determined by measuring the attenuation of impinging optical power as it passes through 
a known length of material to be quantified. Alternative approaches are possible with 
10 laser technology including photo acoustic and photo thermal techniques. Such 
measurements can be utilized with the microchip technology discuised here vn± the 
additional advantage of potentially integrating optical wave guides on microfabricated 
devices. The use of solid-state optical sources such as LEDs and diode lasers with and 
without frequency conversion elements would be attractive for reduct ion of system size. 
15 Integration of solid state optical source and detector technology onto a chip docs not 
presently appear viable but may one day be of interest 

Reftactive index detectors have also been commonly used for 
quantification of flowing stream chemical analysis systems because of generaUiy of the 
phenomenon but have typically been less senative than optical absonition. Laser based 
20 implementations of refractive index detection could provide adequate sensitivity in some 
situations and have advantages of simpEcity. Fluorescence emission (or fluorescence 
detection) is an extremely sensitive detection technique and is comrr.only employed for 
the analysis of biological materials. This approach to detCLtion ha* much relevance to 
miniature chemical analysis and synthesis devices because of the sensitivity of the 
25 technique and the small volumes that can be manipulated and analyzid (volumes in the 
picoUtcr range arc feasible). For example, a 100 pL sample volume with 1 nM 
concentration of analyte would have only 60,000 analyte molecules to be processed and 
detected. There are several dcmonstratior^ in the literature of detecting a single 
molecule in solution by fluorescence detection. A laser source is often used as the 
30 excitation source for ultrasensitive measurements but conventional liijht sources such as 
rare gas discharge lamps and light emitting diodes (LEDs) are also used. The 
fluorescence emission can be detected by a photomultiplier tube, piiotodiode or other 
light sensor. An array detector such as a charge coupled device (CCD) detector can be 
used to image an analyte spatial distribution. 
35 Raman spectroscopy can be used as a detection method for microchip 

devices with the advantage of gaining molecular vibrational infomuition, but with the 
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disadvantage of relatively poor sensitivity. Sensitivity has been increased through 
surfiice enhanced Raman spectroscopy (SERS) effects but only at the research Icvd. 
Electrical or electrochemical detection approaches arc also of part.cular interest for 
implementation on microchip devices due to the ease of integration onto a 

5 microfiibficated structure and the potentially high sensitivity that can be attained. The 
most general approach to electrical quantification is a conductometric measurement, Le., 
a measurement of the conductivity of an ionic sample. The presctce of an ionized 
analyte can correspondmgly increase the conductivity of a fluid and thus allow 
quantification. Amperiometric measurements imply the measurement of the current 

10 through an electrode at a given electrical potential due to the reduction or oxidation of a 
molecule at the electrode. Some selectivity can be obtained by controlling the potential 
of the electrode but it is minimal. Amperiometric detection is a less general technique 
than conductivity because not all molecules can be reduced or oxidized within the limited 
potentials that can be used with common soK-cnis. Sensitivities in the 1 nM range have 

15 been demonstrated in small volumes (10 nL). The other advantage of this technique is 
that the number of electrons measured (through the current) is equal to the number of 
molecules present. The electrodes required for either of these detection methods can be 
included on a micro&bricaled device through a photoUthographic patterning and metal 
deposition process. Electrodes could also be used to initiate a chemiluminescence 

20 detection process, i.e.. an excited state molecule is generated via an oxidation-reduction 
process which then transfers its energy to an analyte molecule, subsiquently emitting a 

photon that is detected. 

Acoustic measurements can also be used for quantif cation of materials 
but have not been widely used to date. One method that has been m:d primarily for gas 
25 phase detection is the attenuation or phase shift of a surface acoustic wave (SAW). 
Adsorption of material to the surface of a substrate where a SAW is propgating affects 
the propagation characteristics and aUows a concentration determination. Selective 
sorbents on the surfece of the SAW device are often used. Simihir techniques may be 

usdiil in the devices described heron. 

30 The mixing capabilities of the microchip laboratory- systems described 

herein lend themselves to detection processes that include the addition of one or more 
reagents. Derivatization reactions are commonly used in biochemical assays. For 
example, amino acids, peptides and proteins are commonly labeled with dansylating 
reagents or o-phthaldialdehyde to produce fluorescent molecules that are easily 

35 detectable. Alternatively, an enzyme could be used as a labeling molecule and reagents, 
including substrate, could be added to provide an enzyme amplified detection scheme. 
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/.e., the enzyme produces a detectable product. There are many cx^mplcs where such an 
approach has been used in conventional laboratory procedures to enhance detection, 
either by absorbence or fluorescence. A third example of a detection method that could 
benefit from integrated mixing methods is chemiluminesccnce detei^ion. In these types 
5 of detection scenarios, a reagent and a catalyst are mbced with sn appropriate target 
molecule to produce an exdted state molecule that emits a detectable photon. 

Analvte Stacking 

To enhance the sensitivity of the microchip laboratory sjrstem lOD, an 
10 analyte pre-concentration can be performed prior to the sepamuon. Concentration 
enhancement is a valuable tool especially when analyzing enviroiimeiual samples and 
biological materials, two areas targeted by microchip technology. Analyte stacking is a 
convenient technique to incorporate with electrophoretic analyses. To employ analyte 
stacking, the analyte is prepared in a buffer with a lower conductivity than the separation 
15 buffer. The difference in conductivity causes the ions in the anxlyte to stack at the 
beginning or end of the analyte plug, thereby resulting in a concimtrated analyte plug 
portion that is detected more easily. More elaborate preconcentration techniques include 
J two and three buffer systems, /.e., transient isotachophoreiic preconcentration. It will be 

evident that the greater the number of solutions involved, the more difficult the injection 
20 technique is to implement. Pre-concentration steps are well suited for implementation on 
a microchip. Elcctroosmotically driven flow enables separation and sample buffers to be 
controlled without the use of valves or pumps. Low dead volume connections between 
channels can be easily fabricated enabfing fluid manipulation with high precision, speed 
and reproducibility. 

2S Referring again to Figure 12, the pre-concentration of the analyte is 

performed at the top of the separation channel 34D using a modif ed gated injection to 
stack the analyte. First, an analyte plug is introduced onto the seijaration channel 34D 
using eiectroosmotic flov^. The analyte plug is then followed by n:ore separation buffer 
from the buffer reservoir' 1 6D. At this point, the analyte stacks at ihe boundaries of the 

30 analyte and separation buffers, Dansylated amino acids were used as the analyte, which 
are anions that stack at the rear boundary of the analyte buffer piu^. Implementation of 
the analyte stacking is described along v^th the effects of the stacking on both the 
separation effidency and detection limits. 

To employ a gated injection using the microchip laboratory system I CD, 
' ^ 35 the analyte is stored in the top reservoir 1 2D and the buffta- is stored in the Icfl reservoir 

16D. The gated injection used for the analyte stacking is performed on an analyte having 
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an ionic strength that is less than that of the mnning buffer, BuClr is transported by 
electroosmosis firom the buflfer reservoir 16D towards both the analyte waste and waste 
reservoirs 18D, 20D. This buffer stream prevents the analytc frori bleeding nito the 
separation channel 34D. Within a representative embodiment, the r«2lativc potentials at 
5 the buflfer, analyte, analyte waste and waste reservoirs are I, 0.9, 0.7 and 0, rcspcctivdy. 
For 1 kV applied to the microchip, the field strengths in the bufler, analyte, analyte 
waste, and separation channels during the separation are 170. 130, 180, and 120 V/cm, 
respectively. 

To inject the analyte onto the separation channel 34D. the potential at the 

10 buflfer reservoir 16D is floated (opening of the high voltage switch) lor a brief period of 
time (0. 1 to 10 s), and analyte migrates into the separation channel. For 1 kV applied to 
the microchip, the field strengths in the buflfer, sample, sample waste, and separation 
channels during the injection arc 0, 240, 120, and 1 10 V/cm, respectively. To break oflf 
the analyte plug, the potential at the buffer reservoir 16D is reapplied (closing of a high 

15 voltage switch). The volume of the analyte plug is a fiinction of the injection time, 
electric field strength, and dectrophoretic mobility. 

The separation buflfer and analyte compositions can be quite diflKarnt, yet 
with the gated injcaions the integrity of both the analyte and buJfcr streams can be 
alternately maintained in the separation channel 34D to peiform the stacking operation. 

20 The analyte stacking depends on the relative conductivity of the separation buflfer to 
analyte, y. For example, with a 5 mM separation buffer and a 0.516 mM sample (0.016 
mM dansyl'lysine and 0.5 mM sample buffer), y is equal to 9.7. Figure 14 shows two 
injection profiles for didansyWysine iigectcd for 2 s with y equal to 0.97 and 9.7. The 
injection profile vwth y - 0.97 (the separation and sample buffers are both 5 mM) shows 

25 no stacking. The second profile with y = 9.7 shows a modest enhancement of 3.5 for 
relative peak heights over the injection with y = 0.97. DidansyUysme is an anion, and 
thus stacks at the rear boundary of the sample buffer plug. In addirion to increasing the 
analyte concentration, the spatial extent of the plug is confined. The injection profile 
with y « 9.7 has a width at half-height of 0.41 s, while the injection firofile with y « 0.97 

30 has a width at half-height of 1.88 s. The electric field strength in the separation channel 
34D during the injection Cmjcction field strength) is 95% of the electric field strength in 
the separation channel during the separadon (separation field strcniith). These profiles 
are measured while the separation field strength is applied. For an injection time of 2 s, 
an mjection plug width of 1 .9 s is expected for y = 0.97. 

35 The concentration enhancement due to stacking was evaluated for several 

sample plug lengths and relative conducthnties of the separation buffer and analyte. The 
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enhancement due to stacking increases with increasing relative corductivities, y. In 
Table 1, the enhancement is listed for g from 0.97 to 970. Although ihc enhancement is 
largest when y = 970, the separation eflGcicncy suffers due to an decuoosmotic pressure 
originating at the concentration boundary when the relathre conductivity is too large. A 

5 compromise between the stacking enhancement and separation efficiency must be 
reached and y = 10 has been found to be optimal. For separations performed using 
stacked injections with y = 97 and 970, didansyl-Iysine and dansyl-isolcucinc could not 
be resolved due to a loss in efficiency. Also, because the injecti.in process on the 
microchip is computer controlled, and the column is not ph>-sically tmnsportcd from vial 

10 to vial, the reproducibiUty of the stacked injections is 2. 1 % rsd (perce at relative standard 
deviation) for peak area for 6 replicate analyses. For comparisor. the non-stacked, 
gated injection has a 1.4% rsd for peak area for 6 replicaie analyses, and the pinched 
injection has a 0.75% rsd for peak area for 6 replicate analyses. Tncsc correspond weU 
to reported values for large-scale, commercial, automated capill.in' electrophoresis 

15 instruments. However, injections made on the microchip are * UK) times smaller in 
volume, e.g. 100 pL on the microchip versus 10 nL on a coramerdal insirumenL 

Table 1 ; Variation of stacking enhancement with relative conductiviiy, y. 

y Concentration Enhancement 

0.97 I 
9.7 6-5 
97 11.5 
970 13.8 

20 

Buffer streams of different conductivities can be acairateiy combined on 
microchips. Described herein is a simple stacking method, althojgh more elaborate 
stacking schemes can be employed by febricating a mio-ochip w.th additional buffer 
reservoirs. In addition, the leading and trailing electrolyte buffers can be selected to 

25 enhance the sample stacking, and ultimately, to lower the deteaion limits beyond that 
demonstrated here. It is also noted that much larger enhancements arc expected for 
inorganic (elemcmal) cations due to the combination of field amplilied analyte injection 
and better matching of analyte and buffer ion mobilities. 

Regardless of whether sample stacking is used, the :nicrochip laboratory 

30 system lOD of Figure 12 can be employed lo achieve ele:trophoreclic separation of an 
analyte composed of rhodamine B and sulforhodaminc. Figure 15 a x electropherograms 
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at (a) 3.3 cm, (b) 9.9 cnu and (c) 16.5 cm from the point of injccdon for rhodamme B 
aess retained) uid sulforhodamine (mot« retained). These wen. taken using the 
foUowing conditions: injection type was pinched. = SOOV/cm, E« = 170 V/or, 
bufer - 50 mM sodium tetraborate at pH 92. To obtain electropherograms m the 
5 com^monal manner, single point detection with the helium-neon laser (green Ime) was 
used at difiFerent locations down the axis of the separation channel 34D. 

An important measure of the utility of a separation system is the number 
of plates generated per unit time, as given by the foimula 

10 N/t = U(Ht) 

where N is the number of theoretical plates, t is the separation time. L is the length of the 
separation column, and H is the height equivalent to a theoreticaJ plate. The plate 
height, H, can be written as 

H = A + B/u 



IS 



20 



where A is the sum of the contributions from the injection plug Icng .h and the detector 
path length, B is equal to 2D. where D. is the diEEiision coefficient for the anaiyte m the 
bufer, and u is the Onear velocity of the analyte. , 

Combining the two equations above and substitutmg u = nE where is 
the effective electrophoretic mobility of the analyte and E is the electric field strength, 
the plates per unit time can be expressed as a fimction of the electric Held strength: 

N/t=(^lE)V(A^E + fl) 



25 



30 



At low electric field strengths when a^al diffiision is the dominant form 
of band dispersion, the term ApE is smaU relative to B and consequ.mUy. the number of 
plates per second increases with the square of the electric field strength. 

As the electric field strength increases, the plate height approaches a 
constant value, and the plates per unit time increases Unearly with the ele^c field 
strength because B is smaU relative to AnE. It is thus advantageous to have A as small 
as possible, a benefit ofthe pinched injection scheme. . . „ . 

The efficiency of the electrophorectic separation of rhodamme B and 
sulforhodamine at ten evenly spaced positions was monitored, each constitutmg a 
35 separate experiment. At 16.5 an from the point of iiqection. the efficcncies of 
rhodamine B and sulforhodamine are 38.100 and 29.000 .lates, respectwely. 
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EfF.ciendes of this magnitude arc sufficient for many separation apphcauons. The 
linearity of the data provides information about the unifbnnity and quality of the cnannel 
along its length. If a defect in the channel, e.g.. a large pit, yns present, a sharp decrease 
in the efficiency would result; however, none was detected. The efiBaency data are 
5 plotted in Figure 16 (conditions for Figure 16 were the same as for Figure 15). 

A similar separation experiment was pcrfonncd using the microchip 
analyte injector lOB of Figure 6. Because of the straight sepaiBtion channel 34B. the 
analyte injector lOB enables faster separations than are possible using the serpentine 
separation channel 34D of the altemaie analyte injector lOD shown in Figure 12. In 
0 addition, the electric field strengths used were higher (470 V/cm and 100 V/cm for the 
buffer and separation channels 26B. 34B. respectively), which further increased the 

speed of the separations. 

One particular advantage to the planar microchip labo-atory system lOB 
of the present invention is that with laser induced fluorescence the poiit of detection can 

i5 be placed anywhere along the separation colunm. The electruphciogruns are detected at 
separation lengths of 0.9 mm. 1.6 mm and ll.l mm from the injection intersection 40B^ 
The 1 6 mm and 11.1 mm separation lengths were used over a lan^e of dectnc field 
strengths from 0.06 to 1.5 kV/cm. and the separations had baseline resolution over this 
range At an electric field strength of 1.5 kV/cm. the analytcs. rhodamme B and 

20 fluorescein, are resolved in less than 150 ms for the 0.9 mm separation length, as shown 
in Figure 17(a). in less than 260 ms for the 1 .6 mm separation length, as shown m Figure 
17(b). and in less than 1.6 seconds for the 11. 1 mm separation length, as shown m Figure 

17(c). . 

Due to the trapezoidal geomeiiy of the channels, the upper comers make 

25 it difficult to cut the sample plug away precisely when the potential, are switched from 

the sample loading mode to tl^e separation mode. Thus. Uie injection plug has a slight 

taft associated with it, and this effect probably accounts for the tailng observed m the 

separated peaks. .... j 

In Figure 18,' the number of plates per second for the 1.6 mm and 

30 U 1 mm separation lengths are plotted versus the electric f.eld strength. The namber of 
plates per second quickly becomes a Unear function of the electric field strength, because 
L plate height approaches a constant value. The symbols in Figi.re 18 represent the 
experimental data collected for the two analytes at the 1.6 mm and 1 1.1 mm separation 
lengths The 'lines are calculated using the previou:;ly-stated equation and the 

35 coefficients are experimentally determined. A slight deviation u; seen between the 
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..q^Ul d«a »d the clculattd numbas. for rt^d^ne B « *c .U ™ 
sepantian length, Thi» is piinarily due to copoimeMiJ cm.r. 

seoaate uncharged species. All »eutrU species in a partioJar «»T.ple «I1 have zero 
^,r^n« Jty. ^ thu. the same ^grado. tin,e. The ™c^ -.^e 
injector lOD shown in F,^re 17 can also be used to perform electn^ehronutograp.^ .o 
^ non-ionie analy.es. To perform such dectrochron^^g^phy. 
,0 seUion channel 34D was prepared by ch«mcaUy bomiing a rever.: ptase e^ o 
Z walls of the separation channel afler bonding the cover plate to the subset, o 
enclose U,e channeU. The separati™ channel «s treated with 1 M st^un, M"x.de 
Z then rinsed with water. The separation channel was dri«. at IJC ft. ^ h^^ 
while purging with helium at a g^ge pressure of .pproxim,..ely SO kP. A 25/. (w/w) 
,5 sohttion of ehlorodimethyloctaidecUilane (ODS. Aidrieh) in 

separaSon ch«>nel with an over pr«sur. of hefium at approxnnael, ..0 <^^ J^ °^ 
toLne nu«ure was pumped continuously i«o ti- eohmtn throu,J«« ^» h»r 
action period a, 125-C. The channels are rins«i with «,luene ^ 
^11 to remove the u^eacted ODS. The Uhor«ory ^ - - 
20 perform ele=tn.chroma.ogr,phy o. an at^es composed of couma,™ «0 (C44^ 
coumatin 450 (C450) and coumarin 460 (C460; Bxdton Chem^.^ C^. ^) " 
for the direct fluorescent measurements of the sep.r«ions and 1 .M for the md,re« 
fluorescent measurements of the void time. A sodium tetraborute buffc (10 mM. pH 

0 2')with25%(v/v)acetonitrilewasthebiififer. 
„ The analyte injector lODwa, operated under, pished analyteto^hng 

mode and a separation (nm) mod. as described above with n=p.c. «, 
:,ly.e is load^ into the injection cross via . m.nul chromatogram traveh^ ftom *e 
„a^e reservoir 16D to the »«l,.e wasU ,es«voir I.D, and orce Ae lh.„ of the 
rTe^ analyte passes through ti« injection intersection 40D. the .»pl. ts «ady o be 
30 TO s>!i.ch to the separation mode, the applied potential are r«»n^d. for 

instaC by manually throwing a switd. After switdung the l-^^J-^^^ 
primary flow path for the separation i. ftom th. buBbr reservor I2D to U,e v^e 
20D in order to inject a smaU «»l,.e ph.g into the s^aratton channd 34D 
Prevent bleeding of the excess analyteioto the sepamtion ch^nnd. the analy^^e and 
andt prevent oieeo g ..q ™ a 57% of the potential applied to 

35 the analyte waste reservoirs 16D, 18D ate niainiiunw 
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the buffer reservoir 12D. This method of loading and injecting the sample is time- 
ind^endent, non-biased and reproducible. 

In Figure 19, a chromatogram of the coumarins is shown for a linear 
velocity of 0.65 mm/s. For C440, 11700 plates was observed which comaponds to 120 

5 plates/s. The most retained component, C460, has an efficiency nearly an order of 
magnitude lower than for C440, which was 1290 plates. The undula .ing background in 
the chromatograms is due to background fluorescence from the glass substrate and 
shows the power instability of the laser. This, however, did not hamper the quality of 
the separations or detection. These results compare quite well with conventional 

10 laboratory Mgh Performance LC (HPLC) techraques in terms of olate numbers and 
exceed HPLC in speed by a fector often. Efficiency is decreasing vsith retention faster 
than would be predicted by theory. This effect may be due to overloading of the 
monolayer stationary or kinetic eflfects due to the high speed of the scjaration. 

15 Micellar Electrokinetic Capillary Chrom atographv 

In the elcctrochromatography experiments discussed above with respect 
to Figure 19, sample components were separated by their partitioninii interaction wflth a 
stationary phase coated on the channel walls. Another method ol' separating neutral 
analytes is micellar electrokineuc capOlary chromatography (MECC). MECC is an 
20 operational mode of electrophoresis in which a surfactant such as sotlhim dodecylsulfate 
(SDS) is added to the buffer in sufEcient concentration to form micelles in the buffer. In 
a typical experimental arrangement, the micelles move mtich more slowly toward the 
cathode than does the surrounding buffer solution. The partitioning of solutes between 
the micelles and the surrounding buffer solution provides a separation mechanism similar 
25 to that of liquid chromatography. 

The microchip laboratory lOD of Figure 12 was used to perform on an 
analytc composed of neutral dyes coumaiin 440 (C440), coumarin 450 (C450). and 
coumarin 460 (C460, Exciton Chemical Co., Inc.). Individual stock sohitions of each 
dye were prepared in methanol, then diluted into the analysis buffa- before use. The 
30 concentration of each dye was approximately 50jiM unless indicated otherwise. The 
MECC buffer was composed of 10 mM sod'um borate (pH 9.1), 50 mM SDS, and 10% 
(v/v) methanol. The methanol aids in solubHizing the coumarin tlyea in the aqueous 
buffer system and also affects the partitioning of some of the dyes in!o the miceQes. Due 
care must be used in working with coumarin dyes as the chemical, physical, and 
3 5 toxicolopcai properties of these dyes have not been fully invcstigatcii. 



wo 96/04547 



31 



PCrAJS95/09492 



The microchip laboratory system lOD was operatetl in tixc "pinched 
injection'' mode described previously. The voltages applied to the reservoirs are set to 
either loading mode or a "run" (separation) mode. In tiic loadin:5 mode, a frontal 
chroraatogram of the solution in the analyte reservoir 16D is pumped dectroosmotically 
5 through the intersection and into the analyte waste reservoir 18D. Voltages applied to 
the buffer and waste reservoirs also cause weak flows into the intersection fixmi the 
sides, and then into the analyte waste reservoir 18D. The chip rtmainj in this mode until 
the slowest moving component of the analyte has passed through the intersection 40D. 
At this point, the analyte plug in the intersection is rq)resentative of liie anaiyte solution. 
1 0 with no electrokinetic bias. 

An injection is made by switching the chip to the 'run" mode which 
changes the voltages applied to the reservoirs such that buflfcr now flows from the buffer 
reservoir 12D through the imersection 40D into the separation channd 34D toward the 
waste reservoir 20D. The plug of analyte that was in the intcrsectioii 40D is swept into 
15 the separation channel 34D. Proportionately lower voltages arc applied to the analyte 
and analyte waste reservoirs 16D, 18D to cause a weak flow of bu-fer from the buffer 
reservoir 12D into these channels. These flows ensure that the sariple phig is cleanly 
"broken off' from the analyte stream, and that no excess analyte leak;; imo the separation 
channel during the analysis. 
20 The results of the MECC analysis of a mixmrc of C4'tO, C450, and C460 

arc shown m Figure 20. The peaks were identified by individual analyses of each dye. 
The migration time stabUity of the first peak, C440. with changing methanol 
concentration was a strong indicator that this dye did not partition into the micelles to a 
significant extent. Therefore it was considered an electroosmoili: flow marker with 
25 migration time lO. The last peak. C460, was assumed to be a mailcer for the micellar 
migration time. tra. Using these values of tO and tm from the data in Figure 20, the 
calculated elution range, tO/tm, is 0.43. This agrees well with a lite-^ure value of tO/tm 
= 0.4 for a similar buffer system, and supports our assumption. Tliese results compare 
weU with conventional MECC perfonned in capfllarics and also shows some advantages 
30 over the electrochromatography experiment described above m tha; efBciency is rctainol 
with retention ratio. Further advantages of this approach to separating neutral species is 
that no surface modification of the walls is necessary and that thi stationary phase is 
continuously refreshed during experiments. 
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Inorganic Ion Analysis 

Another laboratoiy analysis that can be performed on either the 
laboratoiy system lOB of Figured or the laboratory system 100 of Figure 12 is 
inorganic ion analysis. Using the laboratory system lOB of Figu;e 6. inorganic ion 
5 analysis was performed on metal ions complcxed with g-hydroxyquinofine-S-sulfonic 
add (HQS) which are separated by electrophoresis and detected with UV laser induced 
fluorescence. HQS has been widely used as a ligand for optical determinations of metal 
ions. The optical properties and the solubility of HQS in aqueous media have recently 
been used for detection of metal ions separated by ion chromatocraphy and capillary 
10 electrophoresis. Because uncomplcxed HQS does not fluoresce, excess ligand is added 
to the buffer to maintain the complexaiion equilibria during the separation without 
contributing a large background signal. This benefits both th.: efficiency of the 
separation and deteclability of the sample. The compounds used for the experiments arc 
zinc sulfate, cadmium nitrate, and aluminum nitrate. The buffer is sodium phosphate (60 
15 mM, pH 6.9) with 8- hydroxyquinoline-5-sulfonic acid (20 mM for aU experiments 
except Figure 5; Sigma Chemical Co.). At least 50 mM sodium phosphate buffer is 
needed to dissolve up to 20 mM HQS. The substrate 49B used was fused quartz, which 
provides greater visibility than glass substrates. 

The floating or pinched anaiyte loading, as descriljed previously with 
20 respect to Figure 6. is used to transport the anaiyte to tlie injection mterscction 40B. 
With the floating sample loading, the injeaed plug has no electro phoretic bias, but the 
volume of sample is a function of the sample loading time Becauss the sample loading 
time is inversely proportional to the field strength used, for high inji:ction field strengths 
a shorter injection time is used than for low injection field strengths. For example, for an 
25 injection field strength of 630 V/cm (Figure 3a), the injection time is 12 s. and for an 
injection field strength of 520 V/cm (Figure 3b), the injection time is 14.5 s. Both the 
pinched and floating sample loading can be used with and without suppression of the 

electroosmotic flow. 

Figures 21(a) and 21(b) show the separation cf three metal ions 

30 complexed with 8-hydroxyquinoline-5-sulfonic acid. All three ctimplexes have a net 
negative charge. With the electroosmotic flow minimized by the covalent bonding of 
polyacrylamide to the channel walls, negative potentials relative to ground are used to 
manipulate the complexes during sample loading and separation. In Figures 21(a) and 
21(b). the separation channel field strength is 870 and 720 V/cm. respectivdy, and the 

35 separation length is 16.5 mm. The volume of the injection plug is 120 pL which 
corresponds to 16, 7, and 19 finol injected for Zn, Cd. and Al. respectively, for Figure 
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4a. In Figure 4b. 0.48. 0.23. and 0.59 find of Zn, Cd. and Al, rcspccdvely, a« mjected . 
onto the separation column. The average rcproducibiUty of the amcunrs injected is 1.6/, 
rsd (percent relative standard deviation) as measured by peak £^eas (6 replicate 
analyses). The stability of the laser used to exdte the complexes .i ^ 1% rsd. The 
5 detection limits arc in a range where usefiil analyses can be pctfonned. 

Pn<ct-Separatip » rhannel Reactor tu 
An Itemate microchip laboratory system IDE is shov/n m Figure 22. The 
five-port pattern of channels is disposed on a substrate 49E and with a cover slip 49E 
10 as in the previously-described embodiments. The microchip labo-atory system lOE 
embodmient was fabricated using standard photolithographic, wet chemical etching, and 
bonding techniques. A photomask was febricated by sputtering chrcme (50 nm) onto a 
glass slide and ablating the channel design into the chrome film via a CAD/CAM laser 
ablation system (Resonetics, Inc.). The channel design was then i.-ansferred omo the 
15 substrates using a positive photoresist. The dumnels were etched in- o the substrate .n a 
dUute bath. To form the separation channel 34E, a coverFUte was bonded to 

the substrate over the etched chamuds using a direct bondmg technique. The surfaces 
were hydrolyzed in dilute NH4OIVH2O2 solution, rinsed in ddonizcd. fihered H,. jomed 
and then annealed at 500-C. CyUndrical glass reservoirs affixed on the substrate 
usmg RTV sUicone (made by General Electric). Platimm, electrodci provided electrical 
contact from the voltage controller 46E (Spellman CZEIOOOR) to the solutions in the 

The channel 26E is in one embodiment 2.7 mm in length fixim the first 
reservoir I2E to the mtersection 40E. whi>e the chamid 30E is 7.0 mm. and the third 
channel 32E is 6.7 mm. The separation chamiel 34E is modified to be only 7.0 mm m 
length, due to the addition of a reagent reservoir 22E which has a reagent chamiel 36E 
that compels to the separation channel 34E at a mi»ng tee 44E. TWus, the length of ^c 
separation channel 34E is measured from the mtersection 40E tc the mrxmg tee 44E. 
The chamiel 56 extending from the mixing tee 44E to the waste reservoir 20E ts the 
30 reaction column or channel, and in the ilhistrated embodiniem this channel is 10.8 mm m 
length. The length of the reagent channel 36E is 1 1 .6 mm. 

In a representative example, the Figure 22 embcdimem was used to 
separate an analyte and the separation was monitored on-mlcrc,.±ip via nuoresccnce 
using an argon ion laser (35U mn, 50mW. Coherent Wa 90, for «cita«on. 
35 fluorescence signal was collected with a photomultipiier mbc (Pr^. Oriel 77340) for 
point detection and a charge coupled device (CCD. Princeton Instruments, Inc. 



20 

reservoirs. 

25 
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TEKCD-SICTKM) fo. m-gtaS » rcgioa of .he microchip 90. Tic con>po«n<i» usrf for 
,«mg the .pparams «=« rhodamtae B (Exdton Chcmicd Co.. Inc.) '^"'^ 

buffer .U Js. The co„cen.«ion, of U,e «,h,o ^d. OFA »d HKHla™«B 
sotation. «ere 2n*i, 3.7n*I. »d SO^M. respecUvdy. Several mn condiuons were 

" The schemaic view in Figure 23 demonsoMCi one oca nple wien 1 kV is 

appUed to the entire system. Wd> this voltage configunttion, the el««c S^d stn^^ 
in the separation channel 34E and the reaction channel ^^^'^l"^^^ ^ 
V/ctn, respectively. This allows the contbining of I part separation «lft.ent wuh UM 
pans reagent a. the trMng tee 44E. An analyte introduction systen, such as Uus, wnh or 
without post^olutnn reacUo.. allows a vety rapid cycle tin« for n^lt.pl. an.lys«^ 

The electropherogra^; (A) and (B) in RB»r.2^ d«i«3n»tn>.e the 
i separadon of two pairs of anino «ads. The voltage contiff«nor is the satne as m 
rTgure 23, except the total appBed voluge is 4 kV which correspond. » ^ etectnc field 
str^gth of 800 V/cm in the separation colutnn (^) >M I.IOO V/atu m the ,eac«on 
^S<E„y The iniection tintes were ,00 tns for the tc«s "^^^ 
esttaated injection plug lengths of 384. 245, «.d 225 pm for ^ 
0 threonine, respectively. Their^ectionvolun^sof .02, 65, and 60 pL ct^o^-oW 
,30 and 120 finol injected for arginine, glycine and thrcomne. respecove^. The pomt of 
detection is 6.5 mm downstream ftom |he nuxing <e. which gives a total cotonm length 

nf n 5 mm for the separation and reacnon. 

The ration rates of the anntx. acids with Ok OPA a,, moderately fits, 
15 but not fast enough on the tinte scale of U,«e ctperimen.^ An iocre«e », .he band 
LZon is obsetted because the ntobiUties of the derivatiaed com^ds are d.ffer^ 
"e pure amino acids. Until fte re^-icn » zones of unt^ctcd ^ 

"alo acid will move a. difierent vdocines causing a broaden^g of the analyte 
r^idcnced in Figure 24. glycine has the greatest discrepan.-y electrophorettc 

e^ccessive band broadening was not a fimction of the rett.«.on um. tl«onme was a^ 
"TVeonine has a .igh.ly longer r«ention Ime th«- the tOyone; however ^ 
Virnadcninc is not as extensive as for glycine. 

broade^ng ^^^^ „ ^ 

35 the reaction colunu, a fluoresc«n l«er dy^ rhodamine B wrs used as a pro^.^ 

35 tne rcacuon v*^^" s . ^ i a^u^ half heicht were made using the 

Efficiency measurements calculated from peak widths at half heign 
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point detection scheme at distances of 6 mm and 8 mm from the injcxtion cross, or 1 iniu 
upstream and 1 mm downstream from the mixing tee. This provided inforaiation on the 
effects of the mixing of the two streams. 

The electric field strengths in the reagent coluinn and the separation 
S column were approximately equal, and the field strength in the reaction column was 
twice that of the separation column. This configuration of the ^plied voltages allowed 
an approximately 1:1 volume ratio of dcrivatizing reagent and effluent from the 
separation column. As the field strengths increased, the degree of turbulence at the 
mixing tee increased. At the separation distance of 6 mm (Imn upstream fixjm the 
10 mixing tee), the plate height as expected as the inverse of the linear velocity of the 
analytc. At the separation distance of 8 mm (I mm upsti-eam fi^m the mixing tee), the 
plate height data decreased as expected as the inverse of the velocity of the analyze. At 
the separation distance of 8 mm (1 mm downstream from the mixing tee), the plate 
height data decreases from 140 V/cm to 280 V/cm to 1400 V/c:m- This behavior is 
15 abnonnal and demonstrates a band broadening phenomena when iwo streams of equal 
volumes converge. The geometry of the mixing tee was not optirrizcd to minimize this 
band distortion. Above separation field strength of 840 V/cm, the system s t abilizes and 
again the plate height deaeases with increasing linear velocity. For E^- 1400 V/cm, 
the ratio of the plate heights at the 8 mm and 6 mm separation lengths is 1.22 which is 
20 not an unacceptable loss in efficiency for the separation. 

The intensity of the fluorescence signal generated from the reaction f 
OPA with an amino add was tested by continuously pumping glycine down the 
separation channel to mbc with the OPA at the mixing tee. The fluorescence signal from 
the OP/^amino add reaction was collected using a CCD as the product moved 
25 downstream from the mixing tee. Again, the relath^e volume rttio of the OPA and 
glycine streams was 1.125. OPA has a typical half-time of reaction with amino acids of 
4 s. The average residence t'mics of an analyte molecule in the windiw of observation arc 
4.68, 2.34, 1.17, and 0.58 s for the electric field strengths in the reaction column (E«a) 
of 240, 480, 960. and 1920 V/cm, respectively. The rdati\c intensities of the 
30 fluorescence correspond qualitativdy to this 4 s half-time of reliction. As the fidd 
strength increases in the reaction channel, the slope and maximum of the intensity of the 
fluorescence shifts fiirther downstream because the glycine and OPA are swept away 
from the mixing tee faster with higher fidd strengths. Ideony, the observed fluorescence 
from the product would have a step fimction of a response following the mixing of the 
35 separation effluent and dcrivatiang reagent. However, the kinetics of the reaction and a 
fmite rate of mixing dominated by diffusion prevent this from occurring. 
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«<l»a^ above w,.h rcpec. ,o Fi^„ 3. For the pos..«pa:ado„ ^ 

"jec»o„ ,Me„«„on 40E toward fte a^alyte was-e reservoir l,E. BuBcr w« 
pulped fron, U,e buffer reservoir 16E .oward ,ie a„al„. Z 

10 po,«m.„ a, b„fibr and ana^e waste reservoirs ,6E. ,aE are simply floa,^ for , 

btrj ^° '"^ '"'^^ """K- *c potem Js a. the 

oufler and analyte waste reservoirs I6E, I8E are reapplied 

^"^ "f™""™-:""*! PO«-«>l"mn reaaors car improve the power 
of po«.separa,on channd factions as an analytical tool by nnni^iing .he volume of 
^ecmHStannel ptabmg. especially between the separation and reagent channels 34E 
36E. Vu nncrochip design (R8ure22) was fabricated with modes, lengths for the 
«paraaon Channel 34E C7„™) and reagent channel 36E (10.8 „^,) which w^= more 
than suffiaent for this denK,„st™i„n. Longer separation channels can be manufactured 
on a stmtlar stze microchip ,«ing a setpentine p«h to perfonn more dilficuh separations 
^ dtscussed above with respea to F,gure 12. To decrease post-mbting tee band 
dmomons. the nttio of the channel dimensions between the separation channel 34E and 
reacdol, channel 56 should be minimized so that the eleaHc field strength in the 
sepamton channel 34E is large, narrow channel, and b, the rerction channel 56 is 
.^3 small. I.e., wide channcL 

For capUIary separation systems, the small detection vdumes can limit the 
number of detection schemes that can be used to extract inform..ion. Fluorescence 
detection remains one of the most sensitive detection techniques for capiUary 
electrophoresis. When incorporating fluorescence detection into a sj stem that docs not 

30 have naturally fluorescing analytes, derivatizaiion of the analyte must occur either pre- or 
post-separation. When the fluorescent "tag" is short lived or the separation is hindered 
by pre-separation derivatization. post-column addition of derivatizing reagent becomes 
the method of choice. A variety of post-separation reaaors have bce:i demonstrated for 
capinary electrophoresis. However, the ability to consinjct a post- separation reactor 

15 with extremely low volume comiections to mimmize band distortion has been difficult 
The present invention takes tlie approach of &bricaiins a mic.ochip device for 
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dcctrophoreuc separations with an integrated post-scparation reactiot. channel 56 in a 
»ngie monofilhic device enabUng extremely low volume exchanges b.:twccn individual 
channel fiinctions. 

5 yre-Separation Channel li,t^rt\nn Svstem 

Instead of the post-separation channel reactor design sluwn in Figure 22. 
the microchip laboratory system lOF shovm in Figure 25 includes a pre-scparation 
channel reactor. The pre-separation channel rcaaor design shown in Figure 25 is similar 
to that shown in Figure 1, except that the first and second channel. 26F. 28F form a 

10 "goal-post" design with the reaction chamber 42F rather than the "Y" design of 
Figure I. The reaction chamber 42F was designed to be wider than the separation 
channel 34F to give lower electric field strengths in the reaction chamber and thus longer 
residence times for the reagents. The reaction chamber is 96 ^m wid« at half-depth and 
6.2 ^m deep, and the separation chamiel 34F is 31 jim wide at half-depth and 6.2 jim 

15 deep. 

The microchip laboratory system lOF was vscd to perform on-Une pre- 
scparation channel reactions coupled with electrophoretic analysis of the reacnon 
products. Here, the reactor is operated continuously witH small aliquots introduced 
periodically into the separation channel 34F using the gated dispcnr.:r discussed above 

20 with respect to Figure 3. The operation of the microchip consists of three elements: the 
derivatization of amino acids with o-phthaldialdehyde (OPA), injccion of the sample 
onto the separation column, and the separation/ detection of the oomponems of ^ 
reactor diluent The compounds used fgr the experiments were a.gimne (0.48 ntf^. 
glycine (0.58 mM), and OPA (5.1 mM ; Sigma Chemical Co.) The buffer m all of the 

25 reservoirs was 20 mM sodium tetraborate with 2% (v/v) methanol «ul 0.5 /« (v/v) 2- 
mercaptoethanol. 2.mercaptoethanol is added to the buffer as a reducing agent for the 

derivatization reaction. ^ ,^ ,oir a nnv 

To implement the reaction the reservoirs 12F. 14F. 16F. 18F. and 20F 
were simultaneously given controlled voltages of .5 HV. .5 HV, HV. .2 HV. and groimd, 

30 respectively. This configuration allowed the lowest potential drop across the reaction 
dlber 42F (25 V/cm for 1.0 kV applied to the microchip) and highest aaoss the 
separation channel 34F (300 V/cm for 1.0 kV appUed to the microchip) withou^ 
•gluficant bleeding of the product into the separation c^nel w1.en usmg the gatoi 
■Z^on scheme. The voltage divider used to establish the potent.a s applied to each of 

35 thereservoirshadatolalresistanceoflOOMnwithlOMndivisiors. The analyse from 
the first reservoir 12F and the reagent from the second reservoir 14F are 
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clcctroosmoticaily pumped into the reaction chamber 42F with a -/olumeiric ratio of 
1:1.06. Therefore, the solutions from the analyte and reagent rcscivoirs 12F, 14F arc 
diluted by a factor of » 2. Buffer was simultaneously punriped by clcctroosmosis from 
the buffer reservoir 16F toward the analyte waste and waste reservoirs 18F, 20F. This 
S buffer stream prevents the newly formed product from bleeding into the separation 
channel 34F. 

Preferably, a gated injection scheme, described above with respect to 
Figure 3, is used to inject efSuent from the reaction chamber 42F into the separation 
channel 34F. The potential at the buffer reservoir 16F is simply floated for a brief period 

10 of lime (0.1 to 1.0 s), and sample migrates into the separation channel 34F. To break off 
the injection plug, the potential at the buffer reservoir 16F is reapplied. The length of 
the injection plug is a function of both the time of the injection and the electric field 
strength. With this configuration of applied potentials, the reaction of the amino acids 
with the OPA continuously generates fresh product to be analyzed. 

15 A significant shoncoming of many capillary electrophoresis experiments 

has been the poor reproducibility of the injections. Here, because the microchip injection 
process is computer controlled, and the injection process involves the opening of a single 
high voltage switch, the injections can be accurately timed events. I^gurc 26 shows the 
reproducibility of the amount injected (percent relative standard deviation, % rsd, for the 

20 integrated areas of tlie peaks) for both arginine and glycine at injection field strengths of 
0.6 and 1.2 kV/cm and injection times ranging from 0.1 lo 1.0 s. For injection times 
greater than 0.3 s, the percent relative standard deviation is below 1.8%. This is 
comparable to reported values for commercial, automated capiPary electrophoresis 
instnmients. However, injections made on the microchip arc a 100 times smaller in 

25 volume, e.g. 100 pL on the microchip versus 10 nL on a commercial instrument Part of 
this fluctuation is due to the stability of the laser which is a: 0.6 %. ]*or injection times > 
0.3 s, the error appears to be independent of the compound injected and the injection 
field strength. 

Figure 27 shows the overlay of three electropho-etic separations of 
30 arginine and glycine after on-microchip pre-column dcrivatization with OPA with a 
separation field strength of 1.8 kV/cm and a separation length of 10 mm. The separation 
field strength is the electric field strength in the separation channel 34F during the 
separation. The field strength in the reaction chamber 42F is 150 V/cm. The reaction 
times for the analytcs is inversely related to their mobilities, e.g., for arginine the reaction 
35 time is 4.1 s and for glycine the reaction lime is 8.9 s. The volumes of the injected plugs 
were 150 and 71 pL for arginine and glycine, respectively, which correspond to 35 and 
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dlov« rapid wquendal ^jeoions » be n-de. to to P«ti»l>r » ™ly«« 

Tvelod^ «™.s field snengU. A H-ea, fi. produced co™h..=n coeffiae^ of 
0.999 forlginine »d 0.996 for glycine fcr separadoo SeU s«ng.hs &om 0.2 u, 2.0 

kV/cm 

WiU. increaing poKndaU .ppH«i to U« mioochip l^omory ^ 
,0F. «,e field Slrcnphs in U» «,cdon ctan*er42F and «p.rafio„ channel 34F ™ 
Thi leads » sl.o™r residence times of U« reac««s in *e reacon c,^ an^ 
L^ysisUn^s for d„ produce. By vryi-S "« po""!'^ "HP^-i - -^■J'^ 
reaJton Idnefic. can be studied variation in -no.m of prod, c genen^ ^b 
reaction time is pio««l in Figure 2,. Th. respond is *e '^''^^J^ 
co«cted for ti» r«iden« .i«« in fte detector observanon vnndow ««' P""'"""*'"* 
^p^luct TheofBe.be.weentf«d,..fbrth..rginine.nd.heslyane.nF.^r=28 

^^e^y «, tbe difference in the -no^ts iniected. U. diifer^u elecrophoretK 
IvL^ for L antino acids. A t«.lbld «cess of OPA was used .o ob.a.n ps=^^ 
, rd^ re^^tion condidon. Tbe slope, of the Unes «„cd to tbe data corr<.^n^ o 

thc.3.csof.hederiv«iaationr.acdo.. Tbe slopes are O.n s- """"^ 
t giydn. corresponding to ha.f-.in,.s of reaction of 5.1 ^ 6.2 s. '^^"^^ 
of reaction are contpar^le ,o U« 4 s previously reported for .la»ne. W. 
have iband no previously reported data for alanine or glycine, 
tavefbund P^^^,^„^^^p„«, of integrated nucrofabncat^i 

.vstansforperfenringchenicdproc^lu.- "f^"'"""^'"'^.-"'''^'' 

ul computer com™. v«.«n five approximately five nu^utes — g » 
S^Trfer of 100 -L of reagems. These «sul.s are unprecedented m terms of 
automation, speed and volume for chemical reacoons. 

10 

^"^^TO demonstrate . uscfi. biological analysis procedure, a restriction 
digestion and dectrophoretic sizing «perime« arc performed se<,uen.,.lly on the 
ta^tL btochemic!. reaaor/eleetrophoresis microchip system ,00 shown m 
35 ;r « l^chip laboratory system .00 is identical to >,e laboratory system 
Z^^lr-gure 25 creep!.,., dre scpar«ion channel 340 of .he laboratory system .00 
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follows a serpentine path. The sequence for plasmid pBR322 anc the recognition 
sequence of the enzyme Hinf I are known. After digestion, determination of the 
fragment distribution is performed by separating the digestion products using 
dectrophoresis in a sieving medium in the separation channel 34G. For these 

5 experiments, hydroxyethyl cellulose is used as the sieving medium. At a fixed point 
downstream in the separation channel 34G, migrating fragments are interrogated using 
on-chip laser induced fluorescence with an intercalating dye, thiazole orange dimer 
(TOTO-1), as the fluorophore. 

The reaction chamber 42G and separation channel 34G shown in Figure 

10 29 are 1 and 67 mm long, respectively, having a width at half-depth of 60 jim and a 
depth of 12 |im. In addition, the channel walls are coaled with polyacryiamide to 
minimize elcctroosmotic flow and adsorption. Electropherograms a-e generated using 
single point detection laser induced fluorescence detection. An argon ion laser (10 mW) 
is focused to a spot onto the chip using a lens (100 mm focal length) The fluorescence 

15 signal is collected using a 21x objective lens (N.A. = 0.42), foUowed by spatial filtering 
(0.6 mm diameter pinliole) and spectral filtering (560 nni bandpass, 40 nm bandwidth), 
and measured using a photomultipUer hibe (PMT). The data acquisition and voltage 
switching apparatus are computer controlled. The reaction buffer is 10 mM Tris-acetate, 
10 mM magnesium acetate, and 50 mM potassium acetate. The reaction buffer is placed 

20 in the DNA, enzyme and waste 1 reservoirs 12G, 14G. 18G shown 'in Figure 29. The 
separation buffer is 9 mM Tris-borate with 0.2 mM EDTA and 1% (w/v) hydroxyethyl 
cellulose. The separation buffer is placed in the buffer and waste 2 reservoirs 16F. 20F. 
The concentrations of the plasmid pBR322 and enzyme Hinf I aj e 125 ng/fil and 4 
units/^l, respectively. The digestions and separations are performed at room 

25 temperature (20'C). 

The DNA and enzyme are electrophoretically loaded into the reaction 
chamber 42G from their respective reservoirs 12G, 14G by application of proper 
electrical potentials. The relative potentials at the DNA (12G), aizyme (14G). buffer 
(16G), waste 1 (18G). and waste 2 (20G) reservoirs are 10%, 10% 0, 30%, and 100%, 

30 respectively. Due to the electrophoretic mobility differences between the DNA and 
enzyme, the loading period is made sufficiently long to reach equi'ibrium. Also, due to 
the small volume of the reaction chamber 42G. 0.7 nL, rapid diffusional mixing occurs. 
The eleclroosmotic flow is minimized by the covalent immobilization of Unear 
polyacryiamide. thus only anions migrate from the DNA and emyme reservoirs 12G, 

35 14G into the reaction chamber 42G with the potential distributions used. The reaction 
buffer which contains cations, required for the enzymatic digestio.os. e.g. Mg^\ is also 
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pbccd in *. waste 1 re^rvoir 180. Tte e«bl« *. c«ions » v«(-g»e «o *c 
Action dumber coumercurrent ,o U,e DNA .»d e«yn« dumg .« loaing o tf^ 
r«cdo» ch«nber. The digestif U perfbm«l ««i«n, by remov^g dl ««tn«l 
potentials jAcc lorfng the reaction clanAer 42G due to the rehUwly dK.t« «»srt mne 
5 ofiheDNAthroughthereactionchamber. 

Following the digesnon peHod, the products « migrated mto the 
sepatauon channd 34F for anal,si, by floating the voltages to the bulftr »d ««. 1 
reLoirs 16F. 18F. The it^ection has a moWnt, Kaa whe.-e the sn>all.r ftapnents « 
injected in ftvor of the lanicr fiagntents. In these expaiments ^ "'^ ^^ 
,0 fcr the 75- base pair (bp) W is estinuted to be 0.34 ™m "t"™ <^ 

fragnten, only 0 22 nun. These plug lengths correspond to 34'/. ^ 22% of the reactton 
chamber voh^me. «specuvely The emire contents of the r««don c!«n.b« 42F can™,t 
be analysed under current separation conditions bec«.s. the conBibu^ion of the u,ccaon 
phig length to the plate haghtvTOuld be ovetwhdndng. , ,h„ 

,5 Following digestion and it^ection onto the sep«a»n duuu»d 34F. the 

fiagments .re resolved using 1.0% («^) b,d.«.y«hyl cdhd... as the sionng n,cd,urn 
Fi™« 30 shows «. elecopherogom of the ^stricion ftagmatts of the ptenud 
PBM22 fcnowing a 2 nto digestion h, the e..,n» K.nf 1. To enable efiiaent on- 
colunn, staining of the dt^ble-stranded DNA ate digesUon but p,«r to n««™^ 

20 the uuercalfrng dye. TOTO-1 (1 ^ « ^ w I bl^ 
^igratt, countetoirrcn. to the DNA As expected, the relat.ve ,n-.en«y of the bands 
in^ withincreasing Sagmcm size because more intercalation si,cs 
fagn^. Th.unr.solv«i220mi and507/Sll-bp6agn«n.sh.,.nghgherune^^^ 

25 migr-iln .intes and n^ection ^lunKS are 0.55 ^ 3.1 relanvc ^ devauon 

f%rsd). respectively, for 5 replicate analyses. 

This demonstr«ion of a nicrodup laboratory sys.cr.U0O that pcribrms 

pia^nnd DNA restHctio. » a»l,sU indicates the possibHi.v — f"^ 
Lniatudzing n,o« sophisticated V»chenucal procedures "-^^^^^ 
30 dte most sophisticated i«tegrau»i nuaochip chenncal analyse dc^.ce dcmonstrat«l to 
dLe nuxes a reagent with an analyte. incubates the -^V'-'-S- 
,*ds the products, and analyzes the pmducts entirely under computer conBol wblc 
String 10.to time, less n«edal than the typical sn>al, volume labor^ory 

3, Tn general, the' present invention can be used to tiix different fluids 

contained in different port, or reservoirs. This could be used for a l,qu.d 
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• followed by post-^ahinm labe ing ractions in 
chromatography separation experiment toiiowc 7 k 

r - mupn volume are pumped into tne primary 
which different chemical solutions of a given volume ar p y 

■ u , J .u «„*„t, or solutions can be mjected or pumped into the 
separation channel and other reagents or soiuHw m .^rmte 

. . J • ««^«e and known conccntratuns. To execute 
stream at different times to be maed m precise ana icnown , . . . 

„tPlv control and manipulftte solutions m the various 
5 this process, it is necessary to accurately comroi ««* k 

channels. 

Rgurc31showi thc»me six port nucrochip labomon, system 10 shown 

r3ld.o.hedHr«.n.portsrepr«en.so,v™,r«e.oirs. ™s labonto^ ^cm ^ 
pot««ially be used for . li<p«d ctaomMogrephy s.p»«ion expenmen. foUowed by po..- 

",ve«s » be L U, .Md chron,..08.^h, solv«« prog^nnung .ype of scps««o„. 

15 e a water and acetonitrilc. i_ ^ ,^ 

The channel M comKcted »*= w^e re^^^-i' ^-'^ 
channek 26 «»1 2S eonnecting the analyte and solvent resenron, 12 and 14 .s the 
iS^separadon channel. U. where *e B<,uid chron^graphy expenmcnt wotJd , 
^7u4 The intera^ing ch^nneU 30, 32 connecting .He buffer and analyte waste 

20 rese^oirs .6 1» are used to make an injection into the Uquid chromatography or 
separation ch^tne. 34 as discussed above. F,„al.y, reservoir 22 and ..s chan^36 
attaching to the «p»a«on channel 34 are used to «ld a reag«,t whKh « added m 
proportions to render the sped«, separated in the scpanmon channel detectable. 
' To execubs this process, it is necessary to accurately control and 

25 n»dpulate sohitions in the various channels. The embodiments described sbove took 
"lunte, of solution (=100 p.) from ,«e,voirs 12 and 40 and accurat^ 
-Z^ titem into the separation channel 34. For these ^ ^ 

volun« of solution needs to be transferred fix>m one channel .o another. For Bcample, 
^ for U,uid chro^tography or ^dition^l^-c.- 

30 labeline reactions rerpires .hat streams of solutions he nvxed m p.ec« and known 

"■^'°"'-The mixing of various solvents in .nov™ proportions can be done 
^rding .0 the present invention by controlling potenuals which ultitnate^ con^ 
Kcotorag u< " F Accordine to ecualion 1 the dectnc 

dectroosmotic flows as md.cated m equauon I. Accordmg 
35 field strength needs to be known to detemane the Ime^r veloaty of the solvent. In 
I^^tese types of Ouidic manipulations a known potential or voltage ,s apphed to 
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a given reservoir. The field strength can be calculated from the applied voltage and the 
characteristics of the channel. In addition, the resistance or condu^jtancc of the fluid in 
the channels must also be known. 

The resistance of a dianncl is given by equador 2 where R is the 
5 resistance, x is the resistivity, L is the length of the channel, and A is the cross-sectional 
area. 



10 Fluids are usually characterized by conductance which is just the 

reciprocal of the resistance as shown in equation 3. In equation .i, K is the electrica] 
conductance, p is the conductivity, A is the cross-sectional area, and L is the length as 
above. 



15 



I, 



(3) 



Using ohms law and equations 2 and 3 we can write the field strength in a 
given channel, i, in terms of the voltage drop across that channel divided by its length 
which is equal to the current, li through channel i times the resisiivity of that channel 
divided by the cross-sectional area as shown in equation 4. 

20 



Thus, if the channel is both dimensionally and elearically characterized, 
the voltage drop across the channel or the current through the channel can be used to 
determine the solvent velocity or flow rate through that chanr.el as,: expressed in 
25 equation 5. It is also noted that fluid flow depends on the zeta pctenlial of the surface 
and thus on the chemical make-ups of the fluid and surface. 



Vj Qc Ij ac Flow 
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Obviously the conductivity, x. or the resistivity, p. will depend upon the 
characteristics of the solution which could vaiy from channel to chennel. In many CE 
applications the characteristics of the buffer wiU dominate ti-.e electrical characteristics of 
the fluid, and thus the conductance wiU be constant. In the case of liquid 
5 chromatography where solvent programming is perfonncd, the electrical characteristics 
of the two mobile phases could differ considerably if a buffer is not used. During a 
solvent programming mn where the mole fraction of tlje mixture is changing, the 
conductivity of the mixture may change in a nonlinear fashion but it will change 
monotonically from the conductivity of the one neat solvent to the other. The actual 
10 variation of the conductance with mole fraction depends on the dissociation constant of 
the solvent in addition to the conductivity of the individual ions. 

As described above, the device shown schematicaOy in Figure 31 could be 
used for performing gradient clution Uquid chromatograpliy with post-column labeling 
for deteaion purposes, for example. Figure 3 1(a). 31(b). and 3 1(c) show the fluid flow 
1 5 requirements for carrying out the tasks involved in a liquid chromatography experiment 
as mentioned above. The arrows in the figures show the ditection and relative 
magnitude of the flow in the channels. In Figure 31(a), a volume of anaiytc from the 
analytc reservoir 16 is loaded into the separation intersection 40. To execute a pinched 
injection it is necessary to transport the sample from the analyte reseivoir 16 across the 
20 intersection to the analyte waste reservoir 18. In addition, to donfine the lanalyte 
volume, material from the separation channel 34 and the solvent tt^servoirs 12,14 must 
flow towards the intersection 40 as shown. The flow from the first reservoir 12 is much 
larger than that from the second reservoir 14 because these are the iiiitiai conditions for a 
gradient elution experiment. At the beginning of the gradient elution experiment, it is 
25 desirable to prevent the reagent in the reagent reservoir 22 from entering the separation 
channel 34. To prevent such reagent flow, a smaU flow of buffer from the waste 
reservoir 20 directed toward the reagent channel 36 is desirable and this flow should be 
as near to zero as possible. After a representative analytc volume is presented at the 
injection intersection 40, the separation can proceed. 
30 In Figure 31Cb), the run (separation) mode is shown, solvents from 

reservoirs 12 and 14 flow through the intersection 40 and down the separation channel 
34. In addition, the solvents flow towards reservoirs 4 and 5 to make a dean injection of 
the analyte into the separation channel 34. Appropriate flow of reagent from the reagent 
reservoir 22 is also directed towards the separation channel. Tl-.e initial condition u 
35 shown in Figure 3 1(b) is with a large mole flection of solvent 1 and a smafl mole fraction 
of solvent 2. The voltages applied to the solvent reservoirs 12, 14 are changed as a 
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function of time so that the proportions of solvents 1 ar.d 2 are changed from a 
dominance of solvent 1 to mostly solvent 2. lliis is shown in Figure 31(c). The btler 
monotonic change in appEed vohage effects the gradient elation Uquid chromatography 
experiment As the isolated components pass the reagent addiaon channel 36. 
5 appropriate reaction can take place between this reagent and the isolated material to 

form a detectable spedes. 

Figure 32 shows how the voltages to the various reservoirs are changed 
for a hypothetical gradient elution experiment. The voltages shown in this diagram only 
indicate relative magnittides and not absolute voltages. In the loading mode of 

10 operation, static voltages are applied to the various reservoirs. Solvent flow from all 
reservoirs except the reagent reservoir 22 is towards the analyte ^«iste rcseivoir 18. 
Thus, the analyte reservoir 18 is at the lowest potential and all the other reservoirs are at 
higher potential. The potential at the reagent reservoir should be sufficiently below that 
of the waste reservoir 20 to provide only a slight flow towards the reagent reservoir. 

15 The voltage at the second solvent reservoir 14 should be sufficiently great in magnmide 
to provide a net flow towards the injection intersection 40. but the flew should be a low 
magnitude. 

In movmg to the run (start) mode depicted in Figure 3 1(b), the potentials 
are readjusted as indicated in Figure 32. The flow now is such that the solvent from the 

20 solvents reservoirs 12 and 14 is moving down the separation chan,;cl 34 towards the 
waste reservoir 20. There is also a slight flow of solvent away from the mjcction 
intersection 40 towards the analyte and analyte waste reservoirs 16 and 18 and an 
appropriate flow of reagent from the reagent reservoir 22 into the separation channel 34. 
The waste reservoir 20 now needs to be at the minimum potential and the first solvent 

25 reservoir 12 at the maximum potciuial. All other potentials are adjusted to provuie the 
fluid flow directions and magnitudes as indicated in Figure 31(b). Also, as shown m 
Figure 32, the voltages applied to the solvent reservoirs 12 and 14 are monotomcaUy 
changed to move from the conditions of a large mole fraction of solvem 1 to a large 

mole fraction of solvent 2. 
30 At the end of the Solvent programming run. the dev.cc is now ready to 

switch back to the inject condition to load another sample. The voltage variations 
shown in Figure 32 are only to be iUustrative of what might be done to provide the 
various fluid flows- in Figures 31(a).(c). In an actual experiment some to the vanous 
voluges may well differ in relative magnitude. 
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While advantageous embodiments have been chosen to illustrate the 
invention, it will be undeistood by those skilled in the an that various changes and 
modifications can be made therein without departing from the scope of the invention as 
defined in the appended claims. 
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Claims 

1- A microchip laboratory system for analyzing or synthesizing chemical 
material, comprising: 

a body having integrated channels connecting a plurality of reservoirs, wherein at 
least five of the reservoirs simultaneously have a controlled electrical potential associated 
therewith, such that material from at least one of the reservoirs is transported through the channels 
toward at least one of the other reservoirs to provide exposure to one or more selected chemical 
or physical environments, thereby resulting in the synthesis or analysis of the chemical material. 

2. The system of claim 1 wherein the material transported is a fluid. 

3. The system of claim 1, further comprising: 

a first intersection of channels connecting at least three of the reservoirs; and 
means for mixing materials from two of the reservoirs at the first intersection. 

4. The system of claim 3 wherein the mixing means includes means for 
producing an electrical potential at the first intersection that is less than the electrical potential at 
each of the two reservoirs from which the materials to be mixed originate. 

5. The system of claim 1, further comprising: 

a first intersection of channels connecting first, second, third, and fourth reservoirs; 

and 

means for controlling the volume of a first material transported from the first 
reservoir to the second reservoir through the first intersection by transporting a second material 
from the third reservoir through the first intersection. 

6. The system of claim 5 wherein the controlling means includes means for 
transporting the second material through the first intersection toward the second and fourth 
reservoirs. 

7. The system of claim 5 wherein the controlling means includes dispensing 
means for transporting the second material through the first intersection in a manner that prevents 
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the first matenal from moving through the first intersection toward the second reservoir after a 
selected volume of the first material has passed through the first intersection toward the second 
reservoir. 

8. The system of claim 5 wherein the controlling means includes diluting 
means for mixing the first and second materials in the first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

9. The system of claim 1 wherein the integrated channels include a first 
channel connecting first and second reservoirs, a second channel connecting third and fourth 
reservoirs in a manner that forms a first intersection with the first channel, and a third channel that 
connects a fifth reservoir with the second channel at a location between the first intersection and 
the fourth reservoir. 

10. The system of claim 9, further comprising: 

mixing means for mixing material ft^om the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

1 1 . The system of claim 9 wherein the third channel crosses thq second channel 
to form a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

12. The system of claim 1 1 , further comprising: 

means for transporting material ft-om the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

13. The system of claim 12 wherein the transporting means transports the 
material from the fifth and sixth reservoirs through the second intersection toward the first 
intersection and toward the fourth reservoir after a selected volume of material from the fu-st 
intersection is transported through the second intersection toward the founh reservoir. 

14. A microchip flow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, the channels 
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forming a first intersection wherein at least three of the reservoirs simultaneously have a controlled 
electrical potential associated therewith such that the volume of material transported from a first 
reservoir to a second reservoir through the first intersection is selectively controlled solely by the 
movement of a material from a third reservoir through the first intersection toward another 
reservoir. 

15. The system of claim 14 wherein Uie material transported is a fluid. 

16. The system of claim 14, further comprising: 

controlling means for transporting the second material from the third reservoir 
through tiie first intersection toward the second reservoir. 

17. The system of claim 16 wherein the controlling means includes dispensing 
means for transporting the second material thrpugh the first intersection in a manner that prevents 
the first material from moving through the first intersection toward the second reservoir after a 
selected volume of die first material has passed through the first intersection toward the second 
reservoir. 

18. The system of claim 16 wherein the controlling means includes diluting 
means for mixing the first and second materials in die first intersection in a manner that 
simultaneously transports the first and second materials from the first intersection toward the 
second reservoir. 

19. The system of claim 14 wherein the integrated channels include a first 
channel connecting the first and second reservoirs, a second channel connecting the third reservoir 
with a fourth reservoir in a manner that forms % first intersection with the first channel, and a third 
channel tiiat connects a fifth reservoir with the second channel at a location between the first 
intersection and the fourth reservoir. 

20. The system of claim 19, further comprising: 

mixing means for mixing material ft^m the fifth reservoir with material transported 
from the first intersection toward the fourth reservoir. 

21. The sysfem of claim 19 wherein the third channel crosses the second channel 
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at a second intersection, the system further comprising: 

a sixth reservoir connected to the second intersection by the third channel. 

22. The system of claim 21 , further comprising: 

means for transporting material from the fifth and sixth reservoirs to simultaneously 
move into the second intersection. 

23. The system of claim 21, further comprising: 

means for transporting material from the fifth and sixth reservoirs through the 
second intersection toward the first intersection and toward the fourth reservoir after a selected 
volume of material from the first intersection is transported through the second intersection toward 
the fourth reservoir. 



24. A microflow control system, comprising: 

a body having integrated channels connecting at least four reservoirs, wherein first 
and second reservoirs of the four reservoirs contain first and second materials, respectively, a 
channel connecting the first reservoir and a third reservoir forming an intersection with a channel 
connecting the second and a fourth reservoir; and 

a voltage controller that: 

applies an electrical potential difference between the first reservoir and the 
third reservoir in a manner that transports a selected, variable volume of the first material from 
the first reservoir through the intersection toward the third reservoir; and 

after a selected time period, simultaneously applies an electrical potential 
to each of the four reservoirs in a manner that transports the second material from the second 
reservoir through the intersection toward the third reservoir and thereby inhibits movement of the 
first material through the intersection toward the third reservoir. 

25. A method of controlling the flow of material through an interconnected 
channel system having at least four reservoirs, wherein a first reservoir of the four reservoirs 
contains a first material, the interconnected channel system having integrated channels connecting 
the reservoirs, the channels forming an intersection, the method comprising: 

applying an electrical potential difference between the first reservoir and a third 
reservoir of the four reservoirs in a manner that transpons a selected, variable volume of the first 
material from the first reservoir through the intersection toward the third reservoir; and 
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after a selected time period, simultaneously applying an electrical potential to each 
of the four reservoirs in a manner that inhibits the movement of the first material through the 
intersection toward the third reservoir. 
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FIG. 12 
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FIG. 14 



FIG. 15 
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FIG. 17(c) 
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FIG, 21(a) 
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